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ABSTRACT 


Cell  walls  of  Micrococcus  sodonensis  were  isolated  and  purified 
from  cultures  grown  on  two  different  media.  Chemical  analyses  revealed 
that  the  preparations  were  free  of  cell  membrane  contaminants,  and  were 
qualitatively  identical.  Glutamic  acid,  glycine,  alanine,  and  lysine 
were  present  in  a  1:1:2:1  ratio.  N-acetylmuramic  acid  and  N-ace tylglucos- 
amine  were  present  in  equimolar  amounts,  and  represented  the  only  two 
amino  sugars  present  in  the  wall  preparations.  Basal-grown  cell  walls 
contained  almost  twice  as  many  hexosamine  residues  as  Trypticase  soy 
broth-grov/n  cell  walls.  Futher  analyses  employing  enzymic  and  chemical 
techniques  disclosed  that  both  peptidoglycan  and  non-peptidoglycan 
composition  and  structure  varied  under  different  growth  conditions. 

The  subunit  peptide  structure  of  M.  sodonensis  cell  walls  was 
determined  to  be  N  - [L-alanyl“Y“ (ct”glutamy 1-glycine) ] -L-lysyl-D-alanine . 
Sequential  enzymic  digestions  and  isolation  of  peptide  fragments  revealed 
that  peptide  cross-bridging  was  accommodated  by  "head-to-tail”  assembly 
of  peptide  subunits.  Such  assembly  was  facilitated  by  N  - (D-alanyl) -L- 
lysine  and  D-alanyl-L-alanine  linkages.  The  distribution  and  length  of 
such  cross-bridges  V7as  found  to  vary  significantly  in  the  two  preparations. 

Lysozyme  digestion  disclosed  that  neither  preparation  was  ever 
completely  solubilized,  although  varying  degrees  of  lysozyme-mediated 
solubilization  were  observed.  Forty-nine  and  75%  of  the  Trypticase  soy 
broth-  and  basal-grown  cell  walls  respectively  were  so  solubilized.  A 
greater  degree  of  peptide  substitution  of  the  glycan  and  shorter  peptide 
bridges  were  seen  in  the  lysozyme-insoluble  than  in  the  lysozyme-soluble 
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portions  of  cell  walls.  Overall,  the  organization  of  the  peptidoglycan 
was  more  complex  in  the  TCS-  than  in  the  basal-grown  cell  walls.  Electron 
microscopic  analysis  disclosed  that  the  material  imparting  structural 
integrity  to  the  cell  wall  is  composed  of  at  least  two  peptidoglycan 
matrices,  one  of  which  is  insensitive  to  lysozyme  by  virtue  of  its  higher 
levels  of  esterification  and  complexity  of  structure. 

The  presence  of  0-acetyl  substitution  in  M.  sodonensis  cell  walls 
was  established.  Removal  of  0-acetyl  groups  increased  the  lysozyme 
susceptibility  of  the  cell  walls. 

Polysaccharides  were  isolated  from  the  lysozyme-soluble  and  -in¬ 
soluble  portions  of  each  preparation.  Polysaccharides  from  the  lysozyme- 
insoluble  portions  contain  rhamnose,  glucose,  and  glucuronic  acid  in  a 
1;3;2  ratio  and  were  83  and  44  residues  long  in  TCS-  and  basal-grown  cell 
walls  respectively.  The  polysaccharide  of  the  lysozyme-soluble  portion 
of  TCS-grown  cell  walls  was  an  octasaccharide  composed  of  glucose.  The 
polysaccharide  of  the  analogous  basal-grown  cell  wall  fraction  contained 
glucose  and  rhamnose  in  a  3:1  ratio  and  was  47  residues  long.  None  of 
the  isolated  polysaccharides  were  covalently  associated  with  the  peptido¬ 
glycan  . 

Immunological  studies  indicated  that  cell  wall  antigenicity  of 
the  intact  cell  resides  predominantly  in  the  non-peptidoglycan  components. 
Moreover,  the  M.  sodonensis  cell  wall  and  the  extracellular  nuclease 
elaborated  by  this  organism  were  found  to  be  antigenically  related. 
Nuclease  activity  was  also  demonstrated  to  occur  on  the  cell  wall  surface. 
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INTRODUCTION 


One  of  the  unique  features  of  bacteria  as  biological  entities 
is  that  each  bacterium  possesses  a  characteristic  rigid,  water-insoluble 
cell  wall  structure  surrounding  the  cytoplasmic  m.embrane.  Isolation  of 
cell  walls  as  homogeneous,  morphological-  entities  was  not  possible  until 
Salton  and  Horne  described  the  first  practical  method  for  their  isolation 
from  whole  bacteria  on  a  preparative  scale  (Salton  and  Horne,  1951). 
Application  of  physical,  biochemical,  and  electron  microscopic  techniques 
has  shox-m  these  cellular  components  to  be  extremely  resistant,  complex 
structures  whose  essential  role  is  the  maintenance  of  structural  integ¬ 
rity  of  bacterial  cells  in  hypotonic  environments. 

Various  mechanical  methods  of  cell  disruption  produce  an  insol¬ 
uble  residue,  the  properties  of  which  suggest  that  it  represents  the 
material  surrounding  intact  cells  and  which  imparts  rigidity.  Electron 
photomicrographs  support  this  premise  in  that  the  residue  consists  of 
fragments  which  look  exactly  like  flattened  bacteria  lacking  cytoplasmic 
components.  The  cell  wall,  therefore,  must  be  a  reasonably  thick  layer 
around  a  soft  interior  since  removal  of  the  latter  causes  only  flattening, 
while  the  shape  of  the  parent  bacterium  is  retained  in  the  isolated  wall. 
Confirming  proof  of  the  cell  wall  as  a  structural  entity  was  established 
as  early  as  1953  when  Weibull  observed  that  walls  of  Micrococcus 
lysodeikticus  and  Bacillus  megaterium  could  be  rendered  soluble  by 
treatment  V7ith  hen’s  egg-white  lysozyme  (Weibull,  1953).  Gymnoplasts 
so  produced  were  highly  sensitive  to  osmotic  shock  and  underwent 
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immediate  lysis  upon  dilution  of  the  medium  with  water.  Lederberg 
demonstrated  that  when  the  ability  of  growing  bacteria  to  synthesize 
new  cell  walls  is  impaired  by  selectively  toxic  agents  such  as  the 
penicillins,  the  cells  undergo  lysis  (Lederberg,  1957).  It  is,  there¬ 
fore,  obvious  that  the  wall  provides  a  physical  support  which  allows 
the  relatively  fragile  cytoplasmic  membrane  to  withstand  the  osmotic 
pressure  exerted  by  intracellular  components.  Such  a  role  is  of  dynamic 
significance  when  one  considers  that  the  internal  osmotic  pressure  of 
bacterial  cells  has  been  estimated  at  5  to  6  atmospheres  for  Gram¬ 
negative  rods  and  between  20  to  25  atmospheres  for  Gram-positive  cocci 
(Mitchell  and  Moyle,  1956). 

The  results  of  any  cell  wall  analysis  are  exceedingly  susceptible 
to  two  sources  of  error  potentially  intrinsic  in  the  procedures  involved 
in  wall  preparation.  First,  incomplete  purification  may  result  in  the 
persistence  of  residual  cytoplasmic,  membrane,  or  capsular  material  in 
terminal  preparations  subjected  to  analysis.  Second,  destruction  or 
loss  of  integral  cell  wall  material  may  occur  during  processes  of  cell 
disruption  and  subsequent  wall  purification.  Thus,  cell  wall  analytical 
data  must  be  interpreted  in  terms  of  the  purification  procedures  used 
and  this  important  basic  study  has  been  the  subject  of  considerable 
investigation.  Isolation  of  cell  walls  begins  with  the  disruption  of 
whole  cells  which  is  normally  achieved  in  one  of  three  ways:  osmotic 
lysis,  autolysis,  or  mechanical  disintegration.  Osmotic  lysis  of  certain 
halophilic  bacteria  such  as  Micrococcus  halodenitrif icans  has  been  found 
to  produce  cell  wall  disruption  (Takahashi  and  Gibbons,  1957).  However, 
the  technique  is  not  always  successful,  cannot  be  used  in  the  preparation 
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of  large  amounts  of  wall  material,  and  possesses  the  added  disadvantage 
that  endogenous  enzymic  degradation  of  wall  material  probably  occurs 
during  the  process.  Weidel  was  able  to  obtain  pure  preparations  of 
Escherichia  coli  cell  walls  by  allowing  whole  cells  to  autolyse  in  the 
presence  of  toluene  (Weidel,  1951).  Generally,  however,  autolysis  is 
not  considered  to  be  the  most  acceptable  method  of  cell  wall  isolation 
for  two  main  reasons:  first,  such  preparations  may  contain  non-cell 
wall  material  trapped  within  the  cell  wall  structure  and  not  released 
upon  autolysis,  and  second,  since  autolysis  results  from  the  breakage 
of  numerous  cell  wall  bonds,  these  will  remain  unidentifiable. 

Several  mechanical  methods  of  cell  disruption  have  been  success¬ 
ful  in  obtaining  pure  cell  walls.  Hughes  ruptured  frozen  preparations 
of  a  variety  of  microorganisms  employing  the  high  pressure  press  which 
bears  his  name  (Hughes,  1951).  McCarty  was  able  to  prepare  pure  strepto¬ 
coccal  cell  walls  by  using  a  ball  mill  to  achieve  cell  breakage  (McCarty, 
1952) .  Sonic  oscillation  has  been  used  for  the  preparation  of  several 
Bacillus  spp.  cell  walls  (Salton,  1953b)  but  this  technique  is  not  always 
satisfactory.  Application  of  high  frequency  sound  has  been  found  to 
cause  extreme  fragmentation  or  even  solubilization  of  Streptococcus 
pyogenes  cell  walls  (Slade  and  Vetter,  1956)  and  the  cell  walls  of 
Azotobacter  vinelandii  (Marr  and  Cota-Robles,  1957).  Shaking  thick 
bacterial  suspensions  with  glass  beads  to  effect  cell  rupture  possesses 
several  advantages  and  has  become  the  most  extensively  employed  technique, 
for  cell  wall  purification.  Since  this  method  was  first  used  to  prepare 
cell  walls  (Dawson,  1949;  Salton  and  Horne,  1951),  several  devices  have 
been  designed  to  allow  more  efficient  disruption  of  larger  masses  of 
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cells  at  low  temperatures  (Shockman  et  al.,  1957;  Merkenschlager  et  al., 
1957).  Such  procedures  minimize  undesirable  enzymic  modification  of 
the  cell  walls.  The  grinding  method  possesses  a  further  advantage  in 
that  larger  wall  fragments  are  obtained  by  this  than  any  other  procedure 
with  the  possible  exception  of  the  Hughes  press. 

After  rupture  of  the  cells,  a  mixture  is  obtained  that  contains 
a  few  unbroken  cells,  fragmented  cell  membranes  either  free  or  adhering 
to  the  walls,  flagella  and  fimbriae  if  present,  ribosomes,  and  any  other 
cytoplasmic  material,  as  well  as  the  cell  walls  themselves.  Separation 
of  walls  from  this  mixture  is,  in  essentially  all  cases,  effected  by 
differential  centrifugation  and  extensive  x^7ashings  with  water  or  saline 
(Salton,  1953b).  Often  a  brief  heat  treatment  to  inactivate  lytic  enzymes 
is  given  early  in  the  purification  sequence  (Mandelstam  and  Rogers,  1959; 
Janczura  e^  al . ,  1961) .  Further  treatments  designed  to  clean  the  material 
necessitate  a  decision  on  the  definition  of  the  cell  wall.  Untreated, 
cell  walls  may  have  cytoplasmic  substances  adsorbed  to  them  or  present 
because  they  possess  the  same  sedimentation  properties;  when  treated 
further,  material  more  properly  regarded  as  part  of  the  cell  wall 
structure  may  be  removed.  Several  workers  have  used  such  enzymes  as 
trypsin,  pepsin,  and  nucleases  to  facilitate  removal  of  cytoplasmic 
materials  without  destroying  the  rigidity  of  or  supposedly  degrading 
the  cell  wall  structure  (Cummins  and  Harris,  1956;  Mandelstam  and  Rogers, 
1959;  Janczura  et  al.,  1961).  Whereas  these  have  proved  useful  in  help¬ 
ing  to  define  the  nature  of  polymeric  components  present  in  the  wall, 
such  enzyme  digestions  are  generally  avoided  since  they  can  remove 
material  properly  regarded  as  part  of  the  cell  wall.  Extraction  of  cell 
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walls  with  organic  solvents  provides  a  means  by  which  one  may  obtain 
enriched  preparations  of  the  structural  polymers  of  cell  walls.  Long 
term  extraction  with  cold  trichloroacetic  acid  removes  structurally 
dispensable  materials  (teichoic  acids  and  polysaccharides)  from  the 
cell  walls  of  Bacillus  subtilis  (Armstrong  ^_t  a^.  ,  1958) ,  Lactobacillus 
plantarum,  Streptococcus  faecalis,  and  Lactobacillus  casei  (Ikawa,  1961). 
McCarty  found  a  similar  enrichment  of  the  structural  components  of 
streptococcal  cell  walls  by  using  an  extraction  with  hot  formamide 
(McCarty,  1960).  Although  these  treatments  are  widely  used,  they  do  have 
disadvantages.  Such  extractions  can  cause  random  cleavage  of  some  of 
the  covalent  linkages  within  the  cell  wall  (Ghuysen,  1968).  Moreover, 
Perkins  has  shoxm  that  various  chemical  modifications,  such  as  formylation 
of  free  amino  groups  of  cell  wall  amino  acids,  can  occur  during  form- 
amide  extraction.  Finally,  structural  polymers  which  have  been  chemical¬ 
ly  denuded  by  such  techniques  cannot  yield  any  information  about  the  way 
in  which  various  constitutive  pol3rmers  are  integrated  into  the  bacterial 
cell  wall. 

The  best  available  criterion  of  purity  is  the  study  of  cell  wall 
preparations  by  electron  microscopy.  Pure  preparations  of  Gram-positive 
cell  walls  normally  appear  homogeneous  except  for  the  occasional  findings 
of  organized  patterns  such  as  are  observed  in  megater ium  cell  walls 

(Lamanna  and  Mallette,  1965).  Since  walls  do  not  contain  nucleic  acids, 
with  the  exception  of  certain  streptococcal  group  A  wall  preparations 
(Barkulis  and  Jones,  1957),  purified  wall  material  will  not  contain 
detectable  amounts  of  260  nm  absorbancy  material.  In  most  cases,  the 
presence  of  pigments  can  justifiably  be  viewed  with  suspicion.  However, 


,  ni.^Jo  ^Mi  Oi.o.rfsjrf*  ans-^Si  B  «,61».nq  .3Jii3vroi  :nJnE»i?  rbU  tlUv 
.eUfiW  tr-.»  ’to  irjouTiroq  l£.;u3nuila  sdJ ^lo’ a«ot Jctii j^Jiq .!>Brt3iTr«» 
VlfEToaiujJi  B(S»Cffl»-r  Uae  ^rSSsBMOiflotU  btoa  rfJiw  ooiJMiJM  aiaJ 
0,11  »uT'<.(aobi.ari=3Bnion  bRB  aifiiB  ,>lod3Jol)  alBi-.!>trn,  •iJr.ao*q»lh 


Mj«^Bdol38.I  ,(84ei  IB.  aVio-J  £o|a££a  5o  atlni  ttsa 

«P«  •  *"•»'  "  . . *  !  / 

aijrf  1  ^3 u^ioJ fiJ  fcn£  ^ 

..1b  Bln9noq«:i.05  Xs-iolou'i^®' lalliiaa  «  bn»oi 
->bi*c!finnd1  Jori  ttiXv  not'i^BTJxb  ns  gnieu  ’<d  all  aw  ll90  IfttopjotqsT^a 

A  ovatt  ob  qoffa  EJnjitrJca^b  pitsrfa  ilgoo'^^XA  .(Ddfil  ,r^is33M) 

•  .  '• 

•  lo  sfjoc' lo.  ^.^Bvsbfo  Miipbn^’z  p&vfiy  unoiJ^BiCfK^  ilDtiZ  . 


,  ^SVO^i^C^i 

■  • 


u 

i‘Toi4ti<;mro1ii.ec 


..(Sd^X  .nsav/zrfO)  f  add  nitinv  aags^fril  .3n»isyoa 

I 

4m3  .cnoi^jaoillbom  LcDinra/Tb  aubJ-rcvt  36di  iirtljJiaq 


’liJOQO  jfebcns  wplcus  Ttffv  "lo  aquotg  c»tt£ffls  Eft'll  lo 

-I»Q;.tr>dD  ri03<l  ovcjl  {jt-xidw  Csiwlpirtia  .noXiaaiJxa  9bt« 

5CBW  odi  ,31/ods  nojl3  60fo5^ni  bloi^  ionflno  abopJortoea  dotia  .^rd  b^nsb  x^ 
tciit/J3Gd  brf3  P3nl  bdds:?^3aX  sis  .ftibflixXoq  &vl  3u  iJid^noa  ^tuot'fa^  doidw  nX 


.l^fcv  iXbO 


ilow  To  >;jbu3a  aril  aX  xiixiiq  To  rtoiiafltp  aldb'Xflyv^  la»d  difT 

avlJl  v*  Xo  ?noi iSTJaq^'iq  .-*'11,^  .'^qooeo'jrblw  ororibots  ^d  ^Bcoliiisqaiq 

agnibnXl  X<vruiafi3bo  aill  loT  iqoi^a  Buoofidgctciod  -lasqqa  «Hsw  IXoi 

i  ^  '  •'  •' 

siXiiv  I  la 3  >» d  n i:  baviwado  0*36  bg*  ifooa  sto^^jasq  boaiftsgio  To 

*Xi  ^  •  -  «  •  " 

,at;jto^  oXoXiun  nXrtJnoo  3bn  ob  alltsw  ■oonXS-  »{cfiCX  jOtlboXXftH  bcs>  sonainsJ) 

'»  T  ’'>"*^*1  V- 

i_.:  .  - 

jMib>iJj&f»q»iq  f tfiw  A  qooog  [noooaoiqb.TJa  t^ljAoAo  (HfiJq9~jM9  ui'S  djiw 

,-  -i' 

•rrf.  ■ 

n>:ilnoo  ion  IXl»  IfllxoJcirr  tfsv  bol IHtiq  ,(X^W  ,«»not  Iwia  aXluiiad) 
Li  ,a^oas.3  Jjfbti  rrl  .  I»  I  f'f'>nsdio:>rio  om  OdS  Ip  ejeruo^  aids^otlab 

,t>vowuH  .liolaiqaoa  fiL’w  bwVioiv  ad  ^IrialTJiaof  rtpo  elifa'^Xq  To  ooirotoiq 


-6- 


the  carotenoid  pigments  of  Anacystis  nidulans  and  Microcoleus  vaginatus 
are  located  within  the  cell  wall  (Salton,  1960),  as  is  the  pigment  of 
Micrococcus  roseus  (Campbell,  personal  communication).  Thus,  presence 
of  pigments  in  cell  walls  and  preparation  purity  are  necessarily  not 
mutually  exclusive. 

In  any  discussion  of  cell  wall  chemistry,  it  is  necessary  to 
distinguish  between  Gram-positive  and  Gram-negative  cells.  Early  work 
on  the  gross  chemical  composition  of  cell  walls  revealed  that  the  cell 
wall  of  Gram-negative  organisms  were  distinct  from  those  of  Gram-positive 
organisms  as  a  group  in  that  they  are  more  complex  in  composition,  con¬ 
taining  significant  amounts  of  lipids,  lipopolysaccharides ,  and  proteins 
in  addition  to  structural  components  (Salton,  1953b;  Cummins  and  Harris, 
1956) .  Subsequent  more  detailed  studies  disclosed  that  both  Gram-pos¬ 
itive  and  Gram-negative  organisms  possessed  high  molecular  weight  amino 
sugar-peptide  polymers  which  impart  structural  integrity  (Weidel  and 
Primosigh,  1958;  Weidel  ^  a^. ,  1960;  Mandelstam,  1962).  These 
structural  components  account  for  50  to  90%  of  the  cell  wall  of  Gram¬ 
positive  organisms  but  only  5  to  15%  of  the  Gram-negative  cell  wall. 

Other  non-peptidoglycan  or  non-structural  components  such  as  lipopoly¬ 
saccharides,  polysaccharides,  or  proteins  are  located  externally 
(Murray  et  al.,  1965)  and  are  involved  with  functions  apart  from  main¬ 
tenance  of  bacterial  shape.  This  discussion,  in  the  interests  of  brev¬ 
ity  and  application  to  this  thesis,  will  be  restricted  to  the  composition 
and  structure  of  the  cell  wall  of  Gram-positive  organisms. 

In  the  course  of  studies  to  elucidate  the  composition  and  nature 
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of  the  structural  polymers  of  bacterial  cell  walls,  they  have  been  named 
and  renamed  numerous  times.  Terms  like  mucopeptide  (Perkins  and  Rogers, 
1959),  mucopolymer  (Primosigh  al. ,  1961),  glycopeptide  (Strominger, 
1962),  glycosaminopeptide  (Salton,  1964),  murein  (Martin,  1966),  and 
peptidoglycan  (Ghuysen  a^.  ,  1968b)  have  been  used  to  designate  the 
biopolymer  imparting  structural  integrity  to  cell  walls.  The  term 
peptidoglycan  will  be  used  henceforth  to ’indicate  such  material. 

Ubiquitous  and  indispensible  peptidoglycan  components  usually 
found  in  equimolar  amounts  are:  two  acetamido  sugars,  2-acetamido-2- 
deoxy-D-glucose  (N-acetylglucosamine) ,  2-acetamido-2-deoxy-3- (D-l-car- 
boxyethyl) -D-glucose  (N-acetylmuramic  acid),  and  a  limited  number  of 
amino  acids,  some  of  which  occur  as  the  D-isomer  rather  than  the  L- 
isomer  which  is  normally  found  in  other  cellular  polypeptides.  These 
are  L-alanine,  D-alanine,  D-glutamic  acid,  and  a  diamino  acid,  such  as 
L-lysine  or  2 , 6-diaminopimelic  acid  (DAP),  the  latter  occurring  most 
frequently  in  either  the  meso-  or  LL-form.  Diamino  acids  usually  play 
key  roles  in  intramolecular  cross-linkage  of  peptidoglycans  by  virtue  of 
their  capacity  to  be  involved  in  more  than  two  peptide  bonds.  Although 
lysine  or  DAP  are  the  usual  diamino  acids  found  in  cell  walls,  it  has 
been  demonstrated  that  hydroxyl-L-lysine  is  incorporated  into  peptido¬ 
glycans  of  S.  faecalis ,  Leuconostoc  mesenterioides  (Smith  and  Henderson, 
1964) ,  and  Staphylococcus  aureus  (Smith  et  al . ,  1965)  when  this  compound 
is  supplied  in. the  growth  medium.  L-ornithine  occurs  in  Micrococcus 
radiodurans  (Work,  1964),  D-ornithine  in  some  plant  pathogenic 
Corynebacteria,  and  2 , 4-diaminobutyric  acid  in  Corynebacterium  tritici 


(Perkins  and  Cummins,  1964).  Other  amino  acids  found  on  occasion  in  the 
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peptidoglycans  of  bacteria  are  glycine,  present  in  practically  all 
species  of  Micrococcus ,  Staphylococcus ,  and  Sarcina ,  and  D-serine,  found 
in  only  some  species  of  Micrococcus  and  Staphylococcus  (Perkins,  1963). 

General  agreement  exists  that  the  peptidoglycan  network  is  com¬ 
posed  of  three  components:  a  glycan  polymer  of  alternating  N-acetylglu- 
cosamine  and  N-acetylmuramic  acid  residues,  peptide  subunits,  and  peptide 
cross-bridges.  Assembly  of  these  small  components  results  in  the  for¬ 
mation  of  an  immense  macromolecule  that  completely  envelopes  the  cell. 

Characterization  of  the  glycan  backbone  was  largely  a  result  of 
intensive  studies  of  the  products  of  lysozyme  digestion  of  M.  lysodeik- 
ticus  cell  walls.  Appreciable  amounts  of  a  disaccharide  composed  of  the 
aforementioned  amino  sugars  were  found  in  such  digests.  The  disaccharide 
was  initially  identified  as  N-acetylglucosamine-3 , 1 : 6-N-acetylmuramic 
acid  (Salton  and  Ghuysen,  1960).  Exhaustive  re-investigation  of  the 
problem  using  chemically  synthesized  N-acetylglucosamine-3 , 1 : 6-N-acetyl- 
muramic  acid  disclosed  that  the  two  disaccharides  were  not  identical, 
and  that  likely  the  natural  linkage  was  in  fact  3,1:4  (Jeanloz  et  al . , 
1963) .  Further  studies  of  the  M.  lysodeikticus  glycan  ascertained  that 
the  3,1:4  linkages  between  N-acetylglucosamine  and  N-acetylmuramic  acid 
occur  in  repeating  units  throughout  the  entire  glycan  and  not  just  in  the 
disaccharide  fraction  of  lysozyme  digests  (Park  and  Griffith,  1964). 
Similar  studies  of  the  cell  wall  of  aureus  led  to  the  same  conclusions 
(Ghuysen  and  Strominger,  1963;  Tipper  e_t  ^.,  1965). 

The  chemical  nature  of  Gram-positive  cell  wall  subunit  peptides 
was  considerably  elucidated  by  the  work  of  Park  who  showed  that  a  com¬ 
plex  of  amino  acids  and  uridine-5 ’-pyrophosphate-N-acetylmuramic  acid. 
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the  so-called  "Park’s  nucleotide,"  accumulated  in  penicillin-inhibited 

staphylococci  (Park,  1952) .  The  sequence  and  configuration  of  the 

amino  acids  in  the  peptide  were  established  by  analysis  of  the  products 

of  partial  acid  hydrolysis,  enzymic  techniques,  and  by  biosynthesis 

(Ito  and  Strominger,  1964).  The  structure  of  the  nucleotide  deduced  by 

ot 

such  methods  was  found  to  be  UDP-N  - (N-acetylmuramyl-L-alanyl-y-D- 
glutamyl) -L-lysyl-D-alanyl-D-alanine . 

It  was  early  postulated  that  the  UDP-muramyl-pentapeptide  served 
as  subunit  precursors  for  cell  wall  biosynthesis  and  that,  therefore, 
intact  disaccharide-peptide  units  were  inserted  into  the  cell  wall 
during  biosynthesis  (Park  and  Strominger,  1957).  In  vitro  synthesis  of 
peptidoglycan  using  cell-free  extracts  and  the  UDP-muramyl-pentapeptide 
as  substrate  has  unequivocally  validated  this  hypothesis  (Chatter jee 
al . ,  1967).  Discovery  of  similar  cell  wall  precursors  in  a  variety 
of  organisms  led  to  the  concept  that  basic  peptidoglycan  structure  must 
be  ubiquitous  throughout  the  bacterial  world  (Strominger,  1959;  Anwar 
et  al . ,  1963a,  1963b) . 

Aside  from  the  study  of  Park’s  nucleotide,  the  most  definitive 
information  about  subunit  peptide  structure  has  been  facilitated  by  the 
use  of  highly  specific  enzymes.  Using  the  Streptomyces  spp.  N-acetyl- 
muramic  acid-L-alanine  amidase  which  hydrolyzes  the  D-lactyl-L-alanine 
linkage  between  N-acetylmuramic  acid  and  L-alanine,  Ghuysen  clearly 
established  that  the  peptide  subunit  is  bound  to  the  carboxyl  group  of 
N-acetylmuramic  acid  through  the  a-amino  group  of  L-alanine  (Ghuysen, 
1968).  Other  enzymes,  to  be  discussed  later,  have  been  employed  to 
obtain  information  about  unit  peptide  and  cross-bridging  structures. 


nl  \„bM=oa  a'>l-m<r  balUo-o. 

,rfl  ^o' •‘-s  i^o^I^rfqW 

.iiubonq  «<<3  ip.*latUn«  ife'teHdaJES  9-i=>v  sbKs’sq  "1  ■■•‘>*=>“ 

•iBoriJnxaoW  vd  buB  .  nauptnrf'.-'ij  .-lio^Siio  biM  iBlIlnq  io 

vd  b«3libBb  Bblioet^ua^*  50  otols^So  »rfT  ,.(Mei  .lasn^^-’Krt  b»B.^o3l>_ 

»bari39..H0B, 

-rv,  .  •  1 

“  "  .  *^n  t  *T^  r>a-*Q.-l5{nfi J  o~,cl*~  ~ J~  C  ^8 

•  •  i.  V  ■  '  '  ’  ■'  ; 

bBviM  9bUq-..qoJn3q-£v™BiuBTqaTJ  ods  jr.<(3  toJsTuJSOq  ^CIIBB  aav  ll  ^  ^ 

.jo53-.»,13  .lorfl  bOB  alMriJn^ooid  IXsw  [loo  to?  aioaT.«o>q  Jlnodoa  am 

ILsw  XIoo  3ff5  oini  boJts^efri  i?jXPu  ab1;>qoq-9bIjw(£>5^il> 

.**-'■  .  ..  ■  ‘  '  '  ’ 

lo  elBoilKiye  ot.Uv  .jl  .(V2ei  ,i33n£»'°i’?  i>“  eiqoriJoYooid 

,  -  .  ;  -  - -  •  :  '  r 

a5l3Qa<56lfi9q«Iviit:>irKn-<iaU  9r(3  bite  c3d'6tJx3.  3«i*«  DA^xX^obi ^qoq 

*  .  -  '  ’  ,'  *  ■■  .  ,  ‘  "  *  ••  T^'  •' 

Oi.l5'.Jj.,(!l))  BleoilloqMir  ai>*2  boleblXBv  cU^ooviupoau  ewt  sJBjSpdua  8b_ 
<J0»1*V  B  pt.  a^uBiuootq  Ubw  i  too  iBllraX*  5o  ^svooeia  .<X6ei  . -i*  19 

Jaoti  Siuxouila  naovtaobijqpq  oM-l  Jqsoaob^odJ  o3  b»I  enaioBgio  lo 


'  TKwjtA  jflcei  ,isgnlino-38)  bfliw  liiHoaapd  adl  Juoii^uoufJ  BHOJiuptdu  od 

.(dcaei  i  -i* 

,»— ■  j  • 

BvlJlrtX'i^b  33010  9if3  ,9lit309X9X^  e.*^3cq,Xo  <ht>ja  a.XJ  looii  abl^  ^ 

■  •  -  ‘  .  ’  '  * 
aJj  b9363iU-^fil  noad  eKff  d^iJSouT'Se  qbiiqsq  itnudua  JJ^oda  ooll^TolaX 

.Qua  ao^^JqsTJ^  3Xlir>sq^  lo  oao 

•  j-  •  ^  ^ 

aaXu/  rB-Bi-'lY3o&I^tJ  ^.d3  eax^Xoft'^il  rfolilw  aesBlma  otpt^oa 

.  ♦'  .  V  *■  •  -r  •  “ 


yl3B9X;>  ,sni:/i9Xc~iI  boa  htoB  pfe,3a3Urtrlx3s jjs-"  hwo^^Xird 

•  *  _  ^  *  *• 

1  _  •  _  ■ 

lo  quoi^  IvitodTsa  arfi  o3  bnuod  al  llniirfua  obXlqsq  *trft  ba^folXdcJaa 
,n9aXi>»X0)  swiyioXa'-.T  lo  qiio^s  pqla^o  0H3  rigOoiril  bX'^s  i>loiaTopX<J»30-X 


03  boxQXqfita  2?\r9d  ^lo^oX  od  oi  ,Mmx«n3  lodJO^  .(SdCX 

’  ■  ■  '  i  .  ■■  ' 

_ ■*13  *..  .  '■  . 

*  . to344t3oui 32  nn tabt'^il-a-^doio  hnc  ^biXqoq  3X00  3iiodu  rtaiJwarolni  oXo.3do 

•j  “  ‘  '■■*  '•  '.j  f  .  \  •  /  V.!^ 

■■  i  ’  • 

*9  •>  . 

B  .  ^ 

:  '  '  A 


-10- 


Although  basic  pept idoglycan  structure  may  be  universal,  minor 
variations  between  subunit  peptides  have  been  observed.  To  date,  five 
types  of  peptide  subunits  have  been  found  in  a  wide  variety  of  bacterial 
species  (summarized  by  Ghuysen,  1968).  Type  A,  N‘^-L-alanyl-D-glutamyl- 
meso-diaminopimelyl-D-alanine  is  found  in  coli ,  megaterium,  and 
B.  subt ilis .  Type  B,  N  -L-alanyl-D-glutamyl-L-lysyl-D-alanine ,  occurs 
in  aureus ,  M.  roseus ,  pyogenes ,  Arthrobacter  crystallopoietes , 
f aecalis ,  Lactobacillus  acidophilus ,  and  Ij.  easel .  Type  C,  N*^- 
[L-alanyl-y- (a-D-glutamyl-glycine) ] -L-lysyl-D-alanine  is  found  in 
Sarcina  lutea.  Micrococcus  f lavus ,  Micrococcus  citreus ,  and  M.  lysodeik- 
ticus .  Type  D,  N  -glycyl-D-glutamyl-D-homoseryl-D-alanine  is  restricted 
to  Corynebacterium  poinsettiae,  Corynebacterium  f laccumf aciens ,  and 
Corynebacterium  betae .  Type  E,  N  -L-seryl-D-glutamyl-L-ornithinyl-D- 
alanine,  occurs  in  Butyribacterium  rettgeri . 

Peptidoglycans  of  different  bacterial  cell  walls  vary  not  only 
in  the  type  of  subunit  peptides,  but  also  in  the  degree  of  such  peptide 
substitution.  In  the  peptidoglycan  of  aureus  for  example,  virtually 
every  N-acetylmuramic  acid  residue  is  peptide  substituted  (Ghuysen, 
Strominger,  and  Tipper,  1968).  On  the  other  hand,  at  least  40%  of  the 
disaccharide  units  in  the  peptidoglycan  of  M.  lysodeikticus  are  not 
peptide  substituted,  and  can  form  large  segments  reaching  the  size  of 
octasacchar ides  (Leyh-Bouille  et  al . ,  1966).  Understandably,  such 
disparities  in  the  degree  of  peptide  substitution  markedly  affect  the 
tensile  strength  and  response  of  cell  walls  to  lytic  enzymes. 


The  third  component  of  the  peptidoglycan  matrix  is  the  peptide 
cross-bridge.  Chemical  composition  and  length  of  the  peptide  bridges 
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vary  according  to  the  bacterial  species:  pentaglycine  in  aureus, 
tri-L-alanyl-L-threonine  in  M.  roseus  R27,  diglycine  in  M.  radiodurans, 
and  di-  or  tri-L-alanine  in  _S.  pyogenes  group  A  (Petit  et  a^.  ,  1966; 

Munoz  al^. ,  1966) .  Cross-bridging  generally  extends  from  the  N^-amino 
group  of  lysine  or  the  amino  group  on  the  D-carbon  end  of  meso-DAP  of 
one  subunit  to  the  C-terminal  D-alanine  carboxyl  group  of  another  peptide 
subunit.  Direct  cross-bridging  betv/een  peptide  subunits  is  frequently 
encountered  in  meso-DAP-containing  peptidoglycans .  The  bridge  here, 
therefore,  is  D-alanyl-(D) -meso-DAP  (Ghuysen,  1968).  In  M.  lysodeikticus 
and  likely  many  other  micrococci,  cross-bridging  is  facilitated  by 
’’head-to-tail"  assembly  of  several  peptides,  each  having  the  same 
sequence  of  amino  acids  as  the  unit  peptide  (Ghuysen  e_t  al.  ,  1968)  . 

Two  types  of  bridges,  namely  N^- (D-alanyl)-L-lysine  and  D-alanyl-L-ala- 
nine,  accomodate  binding  between  peptide  subunits.  The  structure  of  such 
a  cross-bridge  may  have  application  in  Micrococcus  sodonensis  cell  walls 
and  is  given  below: 
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tools  in  the  elucidation  of  cell  wall  structure.  The  preceeding  figure 
shows  linkages  which  are  hydrolyzed  by  several  of  these  enzymes: 

1.  Endo-N-acetylmuramidases  such  as  hen’s  egg-white  lysozyme,  the 

enzyme  from  Streptomyces  spp.  (Dierickx  and  Ghuysen,  1962), 
and  the  enzyme  from  Chalaropsis  spp.  (Hash,  1963), 

2.  N-acetylmuramyl-L-alanine  amidase  from  Streptomyces  spp. 

(Ghuysen  e^  al^.  ,  1962)  , 

3.  AL-1  Protease  from  Myxobacter  spp.  (Ensign  and  Wolf,  1966), 

4.  SA  endopeptidase  from  Streptomyces  spp.  (Ghuysen  ^  ,  1967), 

5.  ML  endopeptidase  from  Streptomyces  spp.  (Ghuysen  ^  al • ,  1968a). 
A  number  of  other  enzymes  have  been  described  (Ghuysen,  1968)  which  are 
specifically  active  on  some  of  the  unique  cross-bridges  found  in  the 
cell  walls  of  certain  microorganisms.  All  of  these  can,  under  the 
appropriate  conditions,  be  employed  to  dismantle  the  peptidoglycan  to 
obtain  useful  fragments,  such  as  the  peptide  subunit,  for  further  study. 

A  unique  feature  of  the  peptidoglycan  of  certain  Gram-positive 
organisms  involves  0-acetylation  of  some  of  the  N-acetylmuramic  acid 
residues.  The  presence  of  0-acetyl  groups  in  cell  walls  has  been  linked 
with  their  diminished  response  to  lysozyme  (Brumfitt  and  Wardlaw,  1958). 
In  _S.  aureus  cell  walls,  approximately  half  of  the  N-acetylmuramic  acid 
residues  are  substituted  with  0-acetyl  groups  on  carbon  6  and  such  walls 
are  exceedingly  resistant  to  lysozyme  activity  (Ghuysen  and  Strominger, 
1963a,  1963b).  Little  is  known  of  the  mechanism  by  v/hich  peptidoglycans 
are  acetylated  or  what  conditions  promote,  this  chemical  modification. 

Peptidoglycan  biosynthesis  has  been  extensively  studied  and  the 
general  reaction  sequence  is  well  documented  (Ghuysen  et  al . ,  1968aj 
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Strominger  and  Tipper,  1965).  Cell  wall  assembly  occurs  in  three 
major  successive  stages.  The  nucleotide  precursors  uridine  diphospho- 
N-acetylglucosamine  and  UDP-N^- (N-acetylmuramyl-L-alanyl-y-D-glutamyl) - 
(L-lysyl  or  meso-diaminopimelyl) -D-alanyl-D-alanine  are  synthesized  by 
soluble  enzyme  catalyzed  reactions.  Once  formed,  these  precursors 
undergo  a  complex  reaction  sequence  which  produces  uncross-linked 
peptidoglycan  strands.  Three  successive* transfer  reactions  catalyzed 
by  particulate  enzymes  are  involved  in  this  second  stage  of  peptidogly¬ 
can  synthesis:  first,  phospho-N-acetylmuramyl-pentapeptide  from  the 
UDP-N-acetylmuramyl-pentapeptide  is  transferred  to  a  C55-isoprenoid 
phosphate  (Higashi  a]^. ,  1967)  which  results  in  the  formation  of  UMP 
and  a  lipid-P-P-N-acetylmuramyl-pentapeptide ;  second,  N-acetylglucosamine 
is  transferred  by  a  transglycosylase  from  UDP-N-acetylglucosamine  to  the 
product  of  the  first  reaction  with  the  concomitant  release  of  UDP  and 
the  formation  of  3,1: A-N-acetylglucosamine-N-acetylmuramyl-pentapeptide; 
finally,  the  disaccharide-pentapeptide  is  transferred  from  the  lipid 
intermediate  to  an  endogenous  acceptor,  probably  an  incomplete  peptido¬ 
glycan.  It  is  at  this  second  level  of  peptidoglycan  assembly  that 
cross-bridging  amino  acids  such  as  glycine  in  aureus ,  L-threonine  in 
M.  roseus  R27,  and  L-alanine  in  A.  crystallopoietes  are  inserted.  In 
each  case,  a  charged  transfer-RNA  molecule  bearing  the  appropriate  amino 
acid  serves  as  donor  (Bumsted  et  al . ,  1968;  Roberts,  Petit,  and 
Strominger,  1968;  Roberts,  Strominger,  and  Soil,  1968).  The  third  and 
final  stage  of  peptidoglycan  synthesis  involves  closure  of  the  peptide 
cross— bridges  between  peptide  subunits.  It  is  thought  that  this  closure 


is  the  result  of  a  transpeptidation  involving  the  D-alanyl-D-alanine 
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sequence  of  one  pentapeptide  subunit  and  a  second  peptide  subunit  as 
acceptor  with  the  simultaneous  loss  of  the  terminal  D-alanine.  This 
system  has  yet  to  be  fully  elucidated  and  is  the  subject  of  much 
current  investigation. 

Cell  walls  are  never  pure  peptidoglycan;  in  fact,  10  to  50%  of 
the  cell  walls  of  Gram-positive  bacteria  are  composed  of  non-peptido- 
glycan  material.  This  may  be  protein,  polyol  phosphate  polymers 
(teichoic  acids),  or  polysaccharides.  Such  non-peptidoglycan  components 
usually  occur  on  the  external  surface  of  bacterial  cells.  Several  roles 
have  been  assigned  to  these  components,  e.g.,  they  may  be  involved  with 
phage  fixation  or  contribute  to  the  virulence  of  pathogenic  bacteria. 

By  and  large,  these  functions  are  speculatory  with  respect  to  Gram¬ 
positive  organisms  in  contrast  to  the  Gram.-negative  organisms  where  the 
roles  of  at  least  some  of  the  components  have  been  established. 

Non-peptidoglycan  protein  is  found  as  a  cell  wall  component  in 
several  Gram-positive  microorganisms.  The  M  proteins  of  Group  A  strepto¬ 
cocci  are  determinants  in  virulence  (Lancefield,  1962)  and  since  they 
can  be  removed  only  by  mild  acid  hydrolysis  or  treatment  of  the  walls 
with  lytic  enzymes,  are  likely  covalently  bound  to  the  peptidoglycan 
(Krause,  1963).  Bacillus  lichenif ormis  6346  contains  a  protein  con¬ 
stituting  7  to  10%  of  the  wall  by  weight  which  is  not  released  by 
digestion  with  lysoz3mie,  trypsin,  or  pepsin,  although  the  former  enzyme 
completely  solubilizes  the  wall  (Hughes,  1965).  Cell  walls  of 
Corynebacter ium  diphther iae  contain  at  least  one  protein  antigen 
(Cummins,  1954),  and  aureus  contains  an  immunologically  active  cell 
wall  peptide  polymer  of  indeterminant  size  (Hisatsune  et  al . ,  1967) . 
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Polyol  phosphate  polymers,  the  so-called  "teichoic  acids"  were 
first  discovered  in  Micrococcus  pyogenes  (Mitchell  and  Moyle,  1951). 

Since  then,  cell  wall  polyribitol  or  polyglycerol  phosphates  have  been 
found  in  a  number  of  bacteria.  aureus  cell  walls  contain  a  polymer 

of  1 , 5-phosphodiester-linked  ribitol  units,  each  of  which  possesses  an 
N-acetylglucosamine  residue  on  carbon  4,  and  about  half  of  which  are 
esterif ied  on  carbons  2  or  3  by  D-alanine  (Baddiley  al. ,  1962) . 

The  substituent  N-acetylglucosamine  residues  have  been  identified  as 
the  specific  antigenic  determinants  responsible  for  cell  w^all  agglut¬ 
ination  (Nathenson  et  al.,  1966),  and  some  of  these  residues  are  invol¬ 
ved  with  fixation  of  phages  3C  and  71,  infectious  for  aureus  strain 
Copenhagen  (Coyette  and  Ghuysen,  1968).  Trichloroacetic  acid  extracts 
of  subtilis  contain  a  similar  ribitol  teichoic  acid  carrying  instead 
of  an  N-acetylglucosamine  residue  on  carbon  4,  a  3-D-glycosyl  residue 
(Armstrong  ^t  £l_.  ,  1961) .  Bacillus  stearothermophilus  cell  walls  contain 
a  2,3-linked  polyglycerophosphate  pol3mier  of  18  to  19  residues  chain 
length,  with  an  a-D-glucose  on  carbon  1  (Wicken,  1966). 

The  work  of  Cummins  and  Harris  has  shown  that  purified  cell  walls 
of  most  Gram-positive  organisms  contain  carbohydrate  components  distinct 
from  peptidoglycan  carbohydrates  (Cummins  and  Harris,  1956).  Cell  walls 
of  M.  lysodeikticus  contain  a  polysaccharide  composed  of  equimolar 
amounts  of  D-glucose  and  2-acetamide-2-deoxymannuronic  acid  (Perkins, 
1963b)  and  linked  to  the  peptidoglycan  by  a  phosphodiester  bond  originat-. 
ing  from  the  carbon  6  of  an  N-acetylmurarnic  acid  residue  (Ghuysen,  ]968). 
Streptococcal  group  A  cell  x^falls  contain  a  polysaccharide  composed  of 
2:1  rhamnose  and  N-acetylglucosamine  (McCarty  and  Morse,  1964).  A  short- 
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chain  polysaccharide  containing  arabinose,  mannose,  and  galactose  has 
been  found  in  diphtheriae  (Ghuysen  e_t  £l .  ,  1968b)  .  Several  other 
cell  wall  polysaccharides  have  been  discovered,  such  as  the  cell  wall 
polysaccharides  of  Groups  B  and  C  lactobacilli  (Sharpe,  1955),  and 
invariably  are  found  to  be  associated  with  antigenicity  of  the  parent 
microorganisms . 

Integration  of  the  aforementioned  non-peptidoglycan  material 
into  intact  cell  walls,  and  their  syntheses  remain,  by  and  large,  un¬ 
solved  problems. 

Initially  the  sole  role  assigned  to  the  cell  wall  was,  with 
few  exceptions,  the  pedestrian  albeit  essential  one  of  an  inert  "corset" 
to  maintain  the  cell  against  the  high  internal  osmotic  pressure  exerted 
by  intracellular  components.  Recently,  however,  the  wall  has  emerged 
as  the  site  of  considerable  physiological  activity,  primarily  as  the 
result  of  the  detection  of  enzymic  activity  intimately  associated  with 
it.  Most  of  the  initial  work  concerns  several  endogenous  autolytic 
systems  which  are  fixed  in  bacterial  cell  walls  and  must,  therefore,  be 
considered  cell  wall  constituents.  Autolytic  systems  have  been  studied 
in  the  cell  walls  of  subtilis  (Young,  1966;  Fan,  1970),  f aecalis 

(Shockman,  Pooley,  and  Thompson,  1967;  Shockman,  Thompson,  and  Canover, 
1967),  and  aureus  (Cripps  and  Work,  1967)  to  name  but  a  few.  There 
is  gathering  evidence  that  autolysins,  first  thought  solely  as  a  means 
of  self-destruction,  may  be  powerful  agents  in  the  regulation  of  cell 
wall  biosynthesis.  The  autolysin  of  _S.  f aecalis ,  which  has  been  char¬ 
acterized  as  an  endo— N— acetylmuramidase ,  is  involved  in  wall  extension 
and  cell  separation  in  addition  to  its  role  of  initiator  of  new  sites 
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for  wall  extension  (Higgens  et  al ♦ ,  1970).  Yet  another  function  has  been 
ascribed  to  autolysins  found  in  the  cell  walls  of  subtilis .  Young 
noted  that  strains  of  subtilis  highly  susceptible  to  transformation 
contain  a  higher  autolytic  activity  than  do  poorly  transformable  strains 
(Young,  1967).  It  has  been  suggested  that  the  autolytic  system  loosens 
the  peptidoglycan  net  sufficiently  to  permit  passage  of  Di^A  to  the 
recipient  cell.  Other  enzymes  whose  activities  are  not  involved  with 
modification  or  biosynthesis  of  wal.ls  have  been  found  to  be  closely 
associated  with  the  cell  wall.  The  5 ’ -nucleotidase  of  coli  is  local¬ 
ized  on  the  cell  wall  (Nisonson  aJ^.  ,  1969) ,  and  recent  investigations 
in  this  laboratory  indicate  that  the  extracellular  nuclease  of 

sodonensis  is  cell  wall-bound  at  some  point  during  its  elaboration 
(Berry  ^  ,  1970).  Whereas  the  relationship  of  such  proteins  to  the 

wall  is  unknovTi,  their  intimate  association  vzith  the  cell  wall  supports 
the  hypothesis  that  the  latter  possesses  a  more  significant  role  than 
that  of  an  inert  support. 

This  study  was  undertaken  to  isolate,  purify,  and  characterize 
M,  sodonensis  cell  walls  and  compare  their  properties  with  the  cell 
walls  of  other  members  of  Micrococcaceae .  Differences  in  the  response 
of  walls  derived  from  cells  grown  under  varying  conditions  to  lytic 
enzymes  have  been  investigated.  In  addition,  attempts  have  been  made 
to  localize  the  extracellular  nuclease  produced  by  this  microorganism. 
While  investigation  is  by  no  means  complete,  several  fundamental 
aspects  of  the  problem  have  been  brought  to  light. 
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MATERIALS  AND  METHODS 

I.  Reagents 

All  chemicals  employed  in  this  investigation  were  of  reagent 
grade  and  were  obtained  from  commercial  sources  as  indicated.  Enzymes 
were  prepared  or  obtained  from  sources  indicated  in  the  text. 


II .  Culture  and  Growth  Conditions 

A.  Culture;  Micrococcus  sodonensis  ATCC  11880  was  the  organism  used 


throughout  this  investigation.  Stock  cultures  were  maintained  on 
Trypticase  Soy  agar  (Baltimore  Biological  Laboratories)  at  4°C  with 
monthly  transfers  or  in  lyophilized  form.  All  cultures  were  grown 
aerobically  at  30®C. 

B.  Growth  Media: 


1.  Trypticase  Soy  Broth  (TCS) ,  pH  7.3.  1.5%  (w/v)  Bacto-agar  was 

added  when  solid  medium  was  required. 

2.  Synthetic  medium  employed  was  that  described  by  Campbell  and 
co-workers  (Campbell  et  al . ,  1961) .  The  amounts  indicated  are 
per  100  ml  final  volume. 
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Lac  tic  acid .  500.0  mg 

Tris . 365.0  mg 

Glutamic  acid .  500.0  mg 

NH^Cl . 50.0  mg 

The  pH  was  adjusted  to  8.0  prior  to  autoclaving.  The  final  pH 

was  7.3. 

III.  Cell  Wall  Pur  if  ica-tion  Procedures 

A.  Production  of  Cells:  Cells  were  grown  in  14  liter  batches  on  a  Micro¬ 
form  Fermentor  (New  Brunswick  Scientific  Co.)  aerated  at  2  liters  per 
minute  air  and  using  as  inoculum  [0.3%  (w/v)]  an  18  hr  culture  of 

M.  sodonensis .  Cultures  were  permitted  to  grow  36  hr  at  which  time  they 
were  harvested  by  centrifugation,  washed  three  times  with  distilled 
water,  and  if  not  required  immediately,  stored  at  -20°C. 

B.  Cell  Breakage:  Equal  weights  of  wet  cell  paste  and  0.11  to  0.12  mm 
diameter  glass  beads  (B.  Braun  Apparatebau  Melsungen)  were  placed  in  a 
Sorvall  Omni-Mixer  vessel  and  stirred  at  maximum  speed  at  0®C  for  one 
hour.  After  allowing  the  beads  to  settle,  the  resulting  homogenate  was 
decanted  and  centrifuged  at  4,100  x  g  for  10  minutes.  The  pellet,  con¬ 
taining  unbroken  cells  and  residual  glass  beads,  was  discarded,  while 
the  supernatant,  designated  as  "Crude  Wall  Fraction,"  was  retained. 

C.  Purification  of  Crude  Wall  Fraction:  Centrifugation  at  35,000  x  g 
for  20  minutes  of  the  crude  wall  fraction  yielded  a  pellet  having  a  light 
yellow  upper  layer.  This  layer  was  carefully  removed,  washed  three  times 
with  M  NaCl,  and  held  at  90°C  for  30  minutes  to  inactivate  lytic  enzymes. 
Following  heat  treatment,  the  cell  v;all  material  was  washed  15  to  20 


<J 


I J'.  *■  J  J  •  ■  >  ' 


■*  ^  r. 


»t  '  1  ’ 

r 


'  I£:i>vio3  , 

,  • 

-  ”, 

..’(7  ^'1  ,  .'vi  '.  ^  pTVOli 


ffj'i  ,  -^.i 


:C  -u  ^rtnl  .i 


r'  V 


f'vr- 


IriQl  1  :  J*  -  ^  '  V 

f-v  '  JJ  1>‘m;  ^Hii/  ,Lj  <  ■•-■f  '•  1  *’.- 

(sr-'viucv  i'ft'lf  r«J  Ui-fiO  iXl|^  llrr;  *<!  1 

.<t 

1 


%  i*l  #*« 

'  '  !•>  * 

'. 'V*  \fjl  '.,0 

.  n  .1  ■;  u 

-A  to> 

.;: 

1  •  '  'r  bf»fc 

'  ;(11V 

I 


Ik  It 


-20- 


times  with  0.5  M  NaCl,  and  then  at  least  10  times  with  distilled  water. 
Between  washings,  the  suspensions  were  subjected  to  30  seconds  sonic 
oscillation  in  a  Bronwill  Biosonik  III  set  at  maximum  intensity  to  remove 
adhering  protein.  This  material  was  designated  "Pre-phenol  Cell  Walls." 

D.  Phenol  Extraction;  This  procedure  was  a  modification  of  a  previously 
documented  technique  CWestphal  and  Jann,  ,1964).  Equal  volumes  of  cell 
walls  in  distilled  water  and  90.5%  phenol  (Fisher)  preheated  to  70°C, 
were  combined  and  violently  agitated  for  10  minutes.  The  emulsion  was 
then  centrifuged  at  27,000  x  g  for  15  minutes,  the  resulting  interface 
material  carefully  removed,  resuspended  in  water,  and  the  extraction 
repeated  twice.  Continuous  dialysis  against  tap  water  of  the  cell  walls 
was  performed  until  no  detectable  phenol  odour  remained.  Phenol- 
extracted  walls  were  then  washed  repeatedly  with  M  NaCl,  0.5  M  NaCl,  and 
finally,  distilled  water.  This  material  was  designated  "Pre-trypsin  Cell 
Walls." 

E.  Trypsin  Digestion:  Cell  walls  were  digested  with  50  pg  per  ml  bovine 
pancreatic  trypsin  (E.  C.  3. 4. 4. 4)  (Pierce  Chemicals)  in  0.01  M  tris-HCl 
buffer,  pH  8.25  for  4  hr  at  37 °C.  Walls  so  digested  were  then  alternate¬ 
ly  subjected  to  sonic  oscillation  and  washings  with  M  NaCl  as  previously 
described.  Residual  salt  was  removed  by  dialysis  against  distilled 
water,  and  the  wall  preparations  lyophilized.  These  preparations  were 
designated  "Pure  Cell  Walls"  and  stored  at  room  temperature  in  closed 
containers  until  required. 
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IV .  Analytical  Method s 

A.  Protein :  A  colorimetric  technique  employing  the  Folin  phenol  reagent 
was  used  Chowry  a^.  ,  1951) .  Standard  curves  were  prepared  using 
cyrstalline  bovine  serum  albumin  CSigma) . 

Inorganic  phosphate:  A  standard,  colorimetric  procedure  employing 
potassium  phosphate  as  standard  was  used  CAmes  and  Dub in,  1960) . 

C.  Carbohydrates :  All  carbohydrate  analyses  were  performed  upon  whole 
lysozyme  digests  of  cell  walls  unless  otherwise  indicated. 

1.  Total  neutral  sugar  content  was  determined  by  the  indole  and 
enthrone  techniques  described  by  Ashwell  (Ashwell,  1957),  and  the  phenol- 
sulfuric  acid  technique  (Dubois,  1956).  Glucose  was  employed  as  standard. 

2.  Total  methyl  pentose  was  determined  by  the  cysteine-sulfuric  acid 
technique  (Ashwell,  1957)  using  a  rhamnose  standard. 

3.  Uronic  acids  were  assayed  by  the  carbazole  technique  (Davidson, 
1966).  Since  this  assay  is  affected  by  contaminating  hexoses,  electro¬ 
phoretic  separation  of  uronic  acids  from  other  sugars  was  performed  in 
0.01  M  veronal-HCl  buffer,  pH  9.0.  The  compounds  were  located  with 
alkaline  AgNO^  and  untreated  parallel  strips  containing  known  amounts  of 
samples  were  eluted  V'/ith  water  and  reacted  in  the  carbazole  assay. 
Glucuronic  acid  was  employed  as  standard. 

4.  Sialic  acids  were  determined  by  the  thiobarbitur ic  acid  assay 
CWarren,  1959)  following  hydrolysis  of  samples  in  0.1  N  H2S0^  for  one 
hour  at  80°C.  N-acetylneuraminic  acid  was  employed  as  standard. 

5.  Glucose  and  galactose  were  determined  after  hydrolysis  of  samples 
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for  2.5  hr  in  3  N  HCl  at  100°C  by  means  of  the  glucostat  and  galactostat 
reagents  (Worthington  Biochemical  Corp.).  Each  of  these  prepared  reagents 
contains  the  specific  glucose  oxidase  (E.  C.  1.1. 3.4)  or  galactose  oxidase 
(E.  C.  1.1. 3. 9),  peroxidase  (E.  C.  1.11.1.7),  and  a  chromogen.  The 
reaction  was  followed  by  measuring  the  formation  of  oxidized  chromogen 
which  had  an  absoprtion  maximum  in  the  400-425  nm  region. 

6.  Total  hexosamines  were  determined  by  the  Morgen-Elson  reaction 
modified  for  microdeterminations  (Ghuysen  aJ. ,  1966).  The  N-acetyl- 
glucosamine  standard  and  test  samples  were  hydrolyzed  in  sealed  tubes  in 
3  N  HCl  for  3  hr  at  100°C,  and  assays  performed  after  chemical  re-acety- 
lation  (vide  infra)  of  the  samples. 

7.  Glucosamine  was  specifically  determined  by  the  glucosaminostat 
reagent  (Luderitz  e^  al^.  ,  1964) .  The  glucosaminostat  is  a  prepared 
reagent  containing,  in  addition  to  the  three  yeast  enzymes  glucosamine 
kinase,  acetate-activating  enzyme,  and  glucosamine-6-phosphate-N-acety- 
lase,  appropriate  cofactors  to  catalyze  the  specific  re-acetylation  of 
glucosamine  only.  This  reagent  was  the  kind  gift  of  Dr.  Regina  Tinelli, 
Pasteur  Institute,  Paris. 

Samples  and  the  glucosamine-HCl  standard  were  hydrolyzed  in  3  N 
HCl  in  sealed  tubes  at  100®C  for  3  hr  and  evaporated  to  dryness  prior  to 
the  addition  of  25  yl  of  the  glucosaminostat.  After  a  one  hour  incubation 
the  usual  Morgen-Elson  reaction  was  performed  omitting  the  chemical 
re-acetylation  step  and  using  Morgen-Elson  reagent  diluted  1:8  with 
glacial  acetic  acid. 

8.  Reducing  sugars  were  determined  by  the  modified  Park-Johnson 
ferricyanide  procedure  (Ghuysen  e_t  al .  ,  1966)  . 
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9.  Glycerol  was  determined  by  means  of  a  technique  employing 
glycerol  dehydrogenase  (E.  C.  1.1. 1.6)  (Hagen  and  Hagen,  1962).  Samples 
and  a  tripalmitin  standard  were  hydrolyzed  in  3  N  HCl  at  100°C  for  3  hr, 
evaporated  to  dryness  ^  vacuo ,  and  the  glycerol  content  determined 
relative  to  a  glycerol  standard . 

10.  Ketohexoses  were  determined  by  the  cysteine-carbazole  assay 
(Dische  and  Borenfreund,  1957)  relative  to  a  fructose  standard. 

D.  Esters :  The  hydroxylamine  technique  of  Hestrin  (Hestrin,  1949)  was 
employed  using  ethyl  acetate  as  standard. 

E.  Free  Amino  Groups;  Total  free  am.ino  groups  were  determined  by  the 
previously  documented  direct  f luorodinitrobenzene  assay  (Ghuysen  ^  £l. , 
1966). 

F.  Amino  Acids:  Total  amino  acids  were  determined  as  their  dinitrophenyl 
derivatives  (Ghuysen  e^  al^.  ,  1966) .  Samples  were  hydrolyzed  in  sealed 
tubes  in  6  N  HCl  at  100°C  for  18  hr.  DNP-amino  acids  ^^ere  then  formed 

by  reaction  of  the  amino  acid  hydrolysates  with  l-fluoro-2 ,4-dinitro¬ 
benzene  (Fisher)  under  alkaline  conditions  at  60°C  for  one  hour.  The 
DNP-der ivatives  were  removed  from  the  reaction  mixture  by  extraction 
with  diethyl  ether,  evaporated  to  dryness,  resuspended  in  methanol,  and 
spotted  on  thin  layer  plates.  Chromatographic  separation  was  effected 
by  development  in  Solvent  1  as  described  in  Section  V,  B.  After  drying, 
spots  were  carefully  removed  from  the  plates,  placed  in  small  tubes,  and 
the  derivatives  eluted  with  1.0  ml  of  ethanol : water : ammonia  (370:370:2). 
Tubes  were  vigorously  agitated,  centrifuged  for  5  minutes  at  maximum 
speed  in  a  Sorvall  clinical  centrifuge,  and  the  resultant  supernatant 
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fractions  estimated  color imetrically  at  360  nm  in  a  Gilford  240  Spectro¬ 
photometer.  Standard  amino  acid  mixtures  were  subjected  to  all  these 
manipulations  during  quantitative  analysis. 

G.  Free  N-terminal  Amino  Acids :  Estimation  of  the  total  amount  of  free 
N-terminal  amino  acid  groups  was  achieved  by  means  of  a  previously 
documented  technique  (Ghuysen  e^  a^. ,  1966) .  This  method  is  essentially 
the  same  as  the  estimation  of  total  amino  ac?lds  with  the  following 
exceptions:  1.  Cell  wall  preparations  so  analyzed  were  solubilized 

enzymically . 

2.  Derivative  formation  proceeded  hydrolysis. 

3.  Mono-N^-DNP-lysine  remains  in  the  aqueous  phase  and  is 
removed  by  extraction  with  water-saturated  n-butanol.  This 
fraction  is  resolved  by  thin  layer  chromatography  of  the  deriva¬ 
tive  in  Solvent  2  as  described  in  Section  V.  B. 

H.  Free  C— terminal  Amino  Ac id s :  Estimation  of  the  total  amount  of  free 

C— terminal  amino  acid  groups  was  achieved  by  means  of  a  technique  invol¬ 
ving  hydrazinolysis ,  benzaldehyde  extraction  of  resultant  hydrazides, 
and  quantification  of  free  C-terminal  amino  acids  as  their  dinitrophenyl 
derivatives  CGhuysen  ^  >  1966). 

1.  Hydrazinolysis:  Hydrazine,  99+%  pure  (Fisher)  was  stored  in 
sealed  tubes  in  the  dark.  Samples  to  be  analyzed  were  thoroughly  dried 
and  held  at  100°C  for  10  minutes  prior  to  the  addition  of  100  yl  of 
hydrazine.  Hydrazinolysis  proceeded  at  80  C  for  20  hr  in  sealed  tubes. 
men  complete,  the  samples  so  treated  were  opened  and  dried  in  vacu^ 

over  concentrated  H2S0^. 


Extreme  caution  was  employed  at  each  stage  to 
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prevent  introduction  of  water. 

2.  Benzaldehyde  Extraction:  Commercial  benzaldehyde  (Fisher)  was 
purified  by  fractional  distillation  (Vogel,  1966),  and  stored  in  sealed 
tubes  in  the  dark.  To  the  dried  hydrazinolysis  mixture  was  added  250  yl 
of  distilled  water  and  100  yl  of  benzaldehyde.  Tubes  were  sealed  and 
agitated  continuously  for  one  hour  then  subjected  to  centrifugation 
which  produced  an  upper  aqueous  and  a  lower  benzaldehyde  phase.  The 
upper  aqueous  phase  ^^7as  carefully  transferred  to  a  fresh  tube  and  the 
extraction  repeated  twice. 

3.  Quantification:  When  benzaldehyde  extractions  were  complete, 
samples  of  the  aqueous  phase  were  removed,  extracted  three  times  with 
benzene  to  remove  excess  benzaldehyde,  and  the  C-terminal  amino  acids 
estimated  as  their  dinitrophenyl  derivatives  as  previously  described. 

I,  Peptide  Sequencing:  The.  amino  acid  sequence  of  monomer  peptides  was 
established  by  a  modification  of  the  Edman  Degradation  (Tipper  et  al . , 
1967).  In  this  procedure,  phenylisothiocyanate  is  coupled  to  the  N- 
terminus  of  a  peptide  chain  to  form  a  phenylthiocarbamyl  peptide 
derivative.  Exposure  of  the  PTC-peptide  to  tr if luoroacetic  acid  results 
in  cyclization  and  elimination  of  the  original  N-terminal  amino  acid  as 
a  2-anilino-5-thrazalinone  derivative  and  the  concomitant  formation  of 
a  new  N-terminus .  The  following  protocol  describes  the  sequence  of 
manipulations  involved. 

1.  Coupling  Procedure:  Lyophilized  sample  (Peptide)^^ 

+  N-ethylmorpholine  buffer.... 70  yl 
+  Phenylisothiocyanate .  1  yl 

Incubation  at  37 °C  for  45  minutes 
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+  distilled  water . 100  yl 

V 

Two  extractions  with  ether  to  remove  excess  phenylisothiocyanate 

Lyophilization  of  aqueous  phase 

r 

Phenylthiocarbamyl  derivative  of  peptide 

2.  Cyclization  and  Formation  of  a  New  N-terminus: 

PTC-pept ide 

+  trif luoroacetic  acid .  50  yl 

V 

45  minutes  at  25°C  in  sealed  tubes 

+  0.2  N  acetic  acid . 100  yl 

V 

Two  extractions  with  benzene  to  remove  derivatized  N-terminus 

I 

3.  Quantification:  Material  passed  through  one  cycle  of  Edman 
Degradation  was  analyzed  for  its  content  of  total,  free  N-terminal  and 
free  C-terminal  amino  acids  by  techniques  previously  described.  Samples 
containing  between  40  and  100  nmoles  of  each  amino  acid  were  withdrawn 
for  such  estimation  and  the  remainder  was  taken  through  another  cycle 

of  the  degradation  and  similarly  analyzed. 

V.  Chromatographic  Techniques 

A.  Paper  Chromatography:  Descending  chromatography  and  Whatman  No.  1 
paper  were  used  -in  all  cases.  All  solvents  are  described  in  terms  of 
their  proportions  by  volume. 


1.  Devel.oping  Solvents 

a.  Amino  acids  were  separated  by  development  of  chromatograms 
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in  phenol : wa Ler : ammonia  (80:20:0.5)  (Smith,  1960). 

b.  Neutral  sugars  were  separated  by  development  of  chromatograms 
in  n-butanol : ethanol :water  (52:32:16)  (Putman,  1957). 

2.  Location  Reagents 

a.  Amino  acids  were  located  by  the  ninhydrin  reagent  (Cummins 
and  Harris,  1956). 

b.  Carbohydrates  were  detected  with  the  alkaline  AgNO^  reagent 
(Smith,  1960).  The  background  was  cleared  with  5%  (vz/v)  sodium 
thiosulfate. 

c.  Radioactivity  was  located  on  paper  strips  by  means  of  a 
Nuclear  Chicago  Actigraph  III  Strip  Scanner. 

B.  Thin  Layer  Chromatography:  Thin  layer  plates  of  Silica  Gel  H 
(Stahl’s)  were  prepared  on  glass  plates  10  x  20  cm  or  20  x  20  cm.  All 
plates  were  heated  at  100®C  for  one  hour  prior  to  use.  The  following 
developing  solvents  were  employed. 

1.  N'^-mono-DNP-amino  acids  and  N^’ ^-di--DNP-lysine  were  resolved  by 
development  of  thin  layer  plates  in  chloroform :methanol : acetic  acid 
(85:13:2),  a  modification  of  a  previously  described  solvent  (Ghuysen 

et  al. ,  1966) . 

2.  N^-mono-DNP-lysine  was  isolated  by  development  of  thin  layer 
plates  in  benzyl  alcohol : chlorof orm:methanol : ammonia :water  (30:30:30:2:6) 
(Ghuysen  aJ^.  ,  1966)  . 

C.  Gas-liquid  Chromatography:  All  analyses  were  performed  with  a 
Varion  700  Gas  Chromatograph  utilizing  a  thermal  conductivity  detector 
and  helium  as  the  gas  carrier. 
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1.  Lipid  Analysis 

a.  Extraction:  Samples  were  continuously  extracted  at  75°C  with 
2:1  chloroform :methanol  Cv/v)  for  72  hr  in  a  Soxhlet  apparatus  (Bobo  and 
Eagon,  1968)  .  The  extract  was  evaporated  to  dryness  under  reduced 
pressure  and  retained  for  saponification. 

b.  Saponification  and  liberation  of  free  fatty  acids:  A  modification 
of  the  technique  of  Hammarstrand  was  employed  for  saponification  (Hammer- 
strand,  1966).  Ten  ml  of  ethanol : ether  3:1  (v/v)  plus  0.5  ml  of  10  N  KOH 
were  added  to  the  dried  extract  and  the  mixture  refluxed  at  100°C  for 

two  hours.  Water  was  then  added  to  give  a  50%  ethanol-water  solution  of 
the  soap.  Free  fatty  acids  were  liberated  by  the  addition  of  10  ml  of 
1.5  N  HClj  and  quantitatively  extracted  into  petroleum  ether.  This 
fraction  was  evaporated  to  dryness  and  retained  for  methylation. 
Trioctinin  was  used  as  a  standard  to  estimate  the  efficacy  of  saponif¬ 
ication  and  fatty  acid  liberation  procedures. 

c.  Methylation:  The  BF3-methanol  reagent  (Applied  Sciences  Labor¬ 
atories)  CMetcalf  and  Schmitz,  1961)  was  employed  for  the  methylation  of 
fatty  acids.  The  methylation  technique  of  Hammarstrand  was  modified  by 
extending  the  boiling  time  from  2  to  30  minutes  (Hammarstrand,  1966). 
Methylated  fatty  acids  were  extracted  from  the  reaction  mixtures  into 
petroleum  ether,  concentrated  by  evaporation,  and  chromatographed. 

d.  Chromatography:  Methyl  fatty  acids  were  chromatographed  on  a 
1/8”  X  20'  diethyleneglycol  succinate  column  at  180-195°C.  Detector 
temperature  was  265°C,  while  injector  temperature  was  250°C.  Filament 
current  was  maintained  at  175  mA  and  gas  flow  at  33.0  ml  per  minute. 
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2.  Acetate  Analysis:  Samples  were  extracted  three  times  with  0.5  ml 
portions  of  diethyl  ether,  concentrated  to  a  final  volume  of  0.5  ml,  and 
chromatographed  on  a  1/4"  x  5’  15%  FFAP  on  60/80  Chromosorb  W  column. 
FFAP  is  the  liquid  phase  of  Carbowax  20  M  when  treated  with  2-nitrotere- 
phthalic  acid  (Byars  and  Jordan,  1964).  Column  temperature  was  held 

at  135®C  while  detector  and  injector  temperatures  were  m.aintained 
respectively  at  228  and  170®C.  Filament  current  was  held  at  175  mA  and 
gas  flow  at  60.0  ml  per  minute. 

3.  Sugar  Analysis 

a.  Silyation  of  Samples:  Silyation  was  effected  by  means  of  the 
Tri-sil  reagent  (Pierce  Chemical  Co.)  (Sweeley  et  al. ,  1963).  This 
reagent  converts  sugars  into  their  trimethylsilyl  derivatives.  Dried 
samples  containing  approximately  0.5  mg  of  hydrolyzed  carbohydrates 
were  shaken  vigorously  with  0.2  ml  of  Tri-sil  reagent  and  allowed  to 
stand  for  a  minimum  of  five  minutes.  Silyation  mixtures  were  evaporated 
to  dryness  by  a  70°C  air  stream,  and  then  dissolved  in  hexane. 

b.  Chromatography:  The  hexane-soluble  TMS-sugars  were  chromato¬ 
graphed  on  a  1/4"  X  5’  stainless  steel  column  of  QF^^  on  60/80  Chromo¬ 
sorb  W,  Operating  column  temperatures  varied  from  170  to  200°C. 

Detector  and  injector  temperatures  were  maintained  respectively  at  270 
and  235°C.  Filament  current  was  held  at  175  mA  and  gas  flow  at  35.0  ml 
per  minute.  Standard  sugars  were  subjected  to  all  procedures  and 
identification  was  based  upon  relative  retention  times.  Further  con¬ 
firmation  was  achieved  by  adding  known  standards  to  silyation  mixtures 
and  examining  tracings  of  the  chromatograms  for  increased  detector 
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D.  Ion  Exchange  Chromatography:  Dowex  ion  exchange  resins  were  ob¬ 
tained  from  Bio-Rad  Laboratories  and  DEAE-Cellulose  was  purchased  from 
Eastman  Kodak  Company. 

1.  Separation  of  neutral  and  charged  sugars:  Dowex-50W-X4  (200- 
400  mesh)  in  H  form  was  employed  for  the  separation  of  charged  from 
neutral  sugars.  Dried  samples  were  resuspended  in  distilled  water  and 
the  pH  adjusted  to  1.0  with  HCl.  Samples  were  then  placed  on  1  x  25  cm 
columns  of  the  resin  and  eluted  with  distilled  water  to  remove  neutral 
sugars.  Charged  sugars  were  removed  from  the  resin  by  elution  with 
0.1  N  HCl. 

2.  Separation  of  polysaccharides  from  peptidoglycan  components: 
DEAE-cellulose  was  prepared  according  to  the  method  of  Peterson  and 
Sober  CPeterson  and  Sober,  1962).  Samples  v/ere  adjusted  to  pH  10.0  with 
NaOH,  and  placed  on  a  2.5  x  GO  cm  column  which  was  then  washed  with 
0.01  M  sodium  carbonate-bicarbonate  buffer,  pH  10.0.  When  three  column 
volumes  of  effluent  had  been  collected,  0.5  M  NaCl  in  the  same  buffer 
was  employed  to  remove  resin-bound  components. 

Dowex-1  (200-400  mesh)  was  prepared  in  the  0H“  form.  Samples  were 
adjusted  to  pH  10.5  with  NaOH  and  placed  on  2.5  x  48  cm  columns. 

Neutral  components  were  removed  by  washing  the  column  with  water ,  pH 
10.5.  Resin-bound  components  were  eluted  with  0.1  M  NaCl  in  water, 
pH  10.5. 

E.  Gel  Filtration:  Sephadex  gels  were  obtained  from  Pharmacia  Corp. 
and  Bio— gels  were  purchased  from  Bio— Rad  Laboratories.  Gel  filtration 
properties  of  compounds  are  expressed  in  terms  of  the  distribution 
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coefficient,  . 


where  is  the  elution  volume  of  the  compound,  is  the  void  volume  of 
the  system.,  and  V|-  is  the  total  volume  of  the  system. 

1.  Fractionation  of  Enzyme  Digests:  The  products  of  enzyme  digestion 
were  fractionated  by  gel  filtration  in  0.1  M  LiCl  on  columns  of  Sephadex 
G-50  (Medium)  and  Sephadex  G-25  (Medium)  connected  in  series  (Ghuysen, 
1968a).  Void  volume  was  determined  by  applying  1.0  ml  of  a  1  mg/ml 
solution  of  Dextran  Blue  2000  and  monitoring  effluent  fractions  for 
absorbance  at  620  nm.  Total  volume  was  established  by  applying  1.0  ml 

of  a  1  mM  solution  of  glycine  and  assaying  effluent  fractions  for  total 
free  amino  groups  as  described  previously.  The  operating  pressure  was 
1.25  m  and  flow  rate  60.0  ml  per  hour. 

2.  Desalting:  Materials  to  be  desalted  vzere  eluted  from  calibrated 

Sephadex  G-25  or  Bio-gel  P-20  or  P-2  columns  with  distilled  water. 

Conductivity  of  effluent  fractions  was  determined  by  means  of  a  Type 
CDM  2  Bach-Simpson  conductivity  meter. 

VI.  Electrophoretic  Techniques 
Paper  electrophoresis  was  carried  out  on  A  x  41  cm  LKB  filter 
paper  strips  in  an  LKB  Electrophoresis  Apparatus. 

A.  Electrophoresis  Buffers: 

1.  Amino  sugars  were  resolved  by  electrophoresis  in  pyridine: 
acetic  acid:water  (4:2:1000),  pH  5.0  (Campbell  et  al . ,  1969).  The 

electrophoresis  was  performed  at  380  V  and  3.6  mA  for  2  hours. 
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2.  Glycan  and  peptide  constituents  of  sequential  S trep tomyces 
ML-endopeptidase,  N-acetylmuramic  acid-L~alanine  amidase,  and  Myxobacter 
AL-1  Protease  digests  were  separated  by  electrophoresis  in  0.1  N  formic 
acid,  pH  2.0  (Campbell  a^.  ,  1969).  Electrophoresis  was  performed  at 
380  V  and  3.6  mA  for  two  hours. 

B.  Location  Reagents: 

1.  Amino  sugars  were  located  with  alkaline  AgN03  (Smith,  1960). 

2.  N-acetylamino  sugars  were  located  by  fluorescence  after  alkaline 
treatment  of  the  paper  with  the  reagent  of  Sharon  (Sharon,  1964). 

VII.  Immunological  Studies 

A.  Preparation  of  Antigens:  The  preparation  of  pre-trypsin  and  pure 
cell  walls  has  been  previously  described.  Purified  M.  sodonensis  extra¬ 
cellular  nuclease  was  prepared  as  described  by  Berry  (Berry,  1969). 

B.  Preparation  of  Rabbit  Anti-sera:  Anti-pre-trypsin  cell  wall,  anti- 
pure  cell  wall,  and  anti-nuclease  sera  were  prepared  in  albino  rabbits 
weighing  approximately  2  kilograms.  Anti-nuclease  serum  was  prepared  by 
tri-weekly  intravenous  injections  of  purified  nuclease  for  6  weeks. 
Anti-pre-trypsin  and  anti-pure  cell  wall  sera  were  prepared  by  weekly 
intravenous  injections  of  1.0  ml  of  1  mg  per  ml  suspensions  of  basal- 
grown  cell  walls  for  6  weeks.  At  the  end  of  the  injection  schedule,  the 
rabbits  were  bled  out,  the  sera  def ibrinated ,  and  the  plasma  stored  at 
-20°C  until  required. 
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C.  Purification  of  Rabbit  Anti-sera:  DEAE-Sephadex  A-50  was  employed  for 
the  separation  of  the  immune  globulin  fraction  from  other  serum  proteins 
CDedmon  e^  al . ,  1965) .  Ten  ml  portions  of  whole  rabbit  serum  were  placed 
on  a  DEAE-Sephadex  A-50  column  of  dim.ensions  lx  25  cm,  and  eluted  with 
0.02  M  sodium  phosphate  buffer,  pH  7.4  at  4°C.  Three  column  volumes  of 
effluent  were  collected.  This  portion  constituted  the  immune  globulin 
fraction  of  whole  serum,  and  was  concentrated  to  a  volume  of  5.0  ml. 

D.  Slide  Agglutination  Tests:  Doubling  dilutions  of  immune  globulin  or 
whole  antisera  were  prepared  in  buffered  saline  (95  ml  of  0.85%  NaCl  + 

5  ml  of  0.1  M  borate  buffer,  pH  8.4).  Equal  50  yl  volumes  of  antigen  and 
immune  globulin  were  mixed  on  a  glass  slide  which  was  then  examined 
microscopically  for  agglutination.  The  titre  of  the  immune  globulin 
was  th-e  highest  dilution  causing  visible  agglutination  of  the  antigen. 

E.  Tube  Precipitation  Tests;  Into  each  of  a  series  of  Durham  tubes  was 
placed  100  yl  of  soluble  antigen.  To  each  tube  was  added  100  yl  of 
doubling  dilutions  of  the  immune  globulin  in  buffered  saline.  Tubes 
were  sealed  with  parafilm,  incubated  one  hour  at  37 °C,  refrigerated 
overnight,  and  examined  for  the  presence  of  visible  precipitate. 

F.  Gel  Diffusion:  The  Oudin  single  gel  diffusion  method  was  employed 
(Oudin,  1946).  Glass  tubing  70  mm  in  length  was  coated  with  0.1%  agar 
and  sealed  at  one  end.  A  0.6%  solution  of  Noble  Agar  (Difco)  was  pre¬ 
pared  in  buffered  saline  and  held  at  50°C.  Equal  volumes  of  immune 
globulin  and  agar  were  mixed  and  added  to  the  tube  to  form  a  2.5  cm 
column.  After  solidification,  the  appropriate  antigens  or  buffers  were 
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layered  on  the  columns.  Tubes  were  sealed,  incubated  at  30®C,  and 
examined  periodically  up  to  72  hr  for  bands  of  precipitation. 

G.  Ferritin-conjugation  of  Antibody  Preparations:  Horse  anti-rabbit 
serum  (Difco)  and  the  immune  globulin  fraction  of  rabbit  anti-nuclease 
serum  were  conjugated  to  horse  spleen  ferritin  (PolyScience)  employing 
m-xylene  diisocyanate  and  a  previously  documented  procedure  (Singer  and 
Schick,  1961) . 


VIII.  Enzyme  Digestions 

Lyophilized  hen’s  egg  white  lysozyme  (three  times  crystallized) 
CE.  C.  3.2.1.17),  was  obtained  from  Sigma.  Myxobacter  AL-1  Protease  was 
the  kind  gift  of  Dr.  R.  Wolf,  Dept,  of  Microbiology,  University  of 
Illinois,  Urbana,  Illinois.  Purified  Streptomyces  N-acetylmuramic  acid- 
L-alanine  ami-dase  and  partially  purified  Streptomyces  ML-endopeptidase 
were  the  generous  gifts  of  Dr.  J.  M.  Ghuysen,  Service  de  Bacteriologie , 
University  de  Li^ge,  Lifege,  Belgium.  Bovine  pancreatic  trypsin 
(E.  C.  3. 4. 4. 4)  was  purchased  from  Pierce  Chemical  Co. 

A.  Lysozyme:  All  digestions  were  performed  in  0.01  M  phosphate  buffer, 
pH  7.0,  at  37®C  with  1:100  lysozyme :cell  walls  (w/w) .  Activity  was 
followed  by  reduction  in  turbidity  of  reaction  mixtures  and  release  of 
reducing  groups. 

B.  Myxobacter  AL-1  Protease:  All  digestions  were  performed  in  0.01  M 


veronal-HCl  buffer,  pH  9.0,  containing  10  ^  M  EDIA,  at  37  C  with  1:1000 
enzyme;cell  wall  (w/w).  Activity  was  measured  by  reduction  in  turbidity 
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of  reaction  mixtures  and  by  release  of  free  N-  and  C-terminal  alanine 
groups . 

C.  Streptomyces  N-acetylmuramic  acid-L-alanine  amidase:  5  pi  of  a  1:100 
dilution  of  the  preparation  is  sufficient  to  completely  hydrolyze  30 
nmoles  of  aureus  disaccharide-peptide  in  4  hr  at  37°C.  All  digestions 
were  performed  with  100  yl  diluted  enzyme-  solution  per  mg  of  cell  walls 
in  0.02  M  acetate  buffer,  pH  5.5  at  37 °C.  Hydrolysis  was  monitored  by 
assaying  for  the  release  of  N-terminal  alanine. 

D.  Streptomyces  ML-Endopeptidase :  The  partially  purified  preparation 
was  fully  purified  by  ion  exchange  chromatography  on  carboxymethyl  cel¬ 
lulose  and  gel  filtration  on  Sephadex  G-50  (Ghuysen  ali*  >  1969).  All 
digestions  were  performed  in  0.01  M  veronal-HCl  buffer,  pH  9.0  with  1:50 
enzyme: cell  wall  (w/w) .  Activity  was  followed  by  reduction  in  turbidity 
of  reaction  mixtures  and  release  of  C-terminal  alanine  groups. 

E.  Trypsin:  Pre-trypsin  cell  walls  were  incubated  at  37°C  with  1:100 
trypsin:cell  walls  (w/w)  in  0.01  M  borate  buffer,  pH  8.25.  Activity  was 
followed  by  assaying  for  release  of  protein. 

IX.  Electron  Microscopy 

Samples  were  examined  in  a  Phillips  Model  200  Electron  Microscope. 
Wliere  intact  samples  v/ere  observed,  negative  staining  was  achieved  by  the 
application  of  3%  phosphotungstic  acid.  Wliere  thin-sections  were  studied, 
the  following  protocol  was  employed  (Kellenberger  e t  al . ,  1959). 

Samples  were  doubly  fixed  with  glutaraldehyde  and  osmium 


A.  Fixation: 
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tetroxide.  Five  percent  glutaraldehyde  was  added  to  samples  [1:5 
glutaraldehyde: sample  (v/v)]  and  samples  allowed  to  sit  at  room  temper¬ 
ature  for  2  to  3  days.  Samples  were  then  washed  4  times  with  Kellen- 
berger  buffer,  and  1.0  ml  of  1%  osmium  tetroxide  (in  Kellenberger  buffer) 
added  to  the  pellets  of  washed  materials.  Following  20  hr  fixation, 
samples  were  again  washed  as  described  above. 

B.  Embedding :  To  washed,  fixed  samples  was  added  a  few  drops  (about 
0.03  ml)  of  2%  Noble  agar  maintained  at  45 °C  in  a  water-bath.  Pellets 
were  resuspended  in  the  agar  with  a  Pasteur  pipette,  and  drops  of  this 
suspension  spread  to  a  thickness  of  approximately  1  mm  on  pre-labelled 
microscope  slides.  When  the  agar  was  solidified,  small  cubes  about 

O 

1  mm'^  were  cut  out  with  a  clean,  sharp  razor  blade.  Specimens  were 
dehydrated  by  15  minute  passages  through  increasing  concentrations  of 
alcohol,  propylene  oxide,  and  finally  placed  in  a  1:1  propylene  oxide: 
Epon  mixture  and  embedded.  Once  embedded,  samples  were  placed  at  60°C 
for  48  hours. 

C.  Thin-sectioning :  Embedded  samples  were  cut  on  a  Porter-Blum  Auto¬ 
matic  Microtome  (Model  MT-2)  and  affixed  to  Formvar-treated  copper  grids. 

D.  Negative  Staining:  Preparations  were  stained  with  5%  uranyl  acetate 
alone,  or  with  both  5%  uranyl  acetate  and  0.4%  lead  citrate. 


i. 

‘lii.  . 


-  saaol  f ^  i  ’  ’  » 


\  (v\v) 


rfilv  »m;ij  Ik  i>»<f  r/.'  u-^  0lV,7  ^ 


-jf!;  *.'  i‘ri  r.  t  oo  jfil  j‘v  I  15>' 

a.i  t>i‘  ^/f  U-if  to  i  .»!*»)  :fsiiJi?r  i^n  OJ  Iv^hs 

•  '■  .  .^V<ltjD  h^fU  VJm^  I  ntJigA'  «2i>iquiB3*’ 


r 

,  I 


wti?  B  cr^bfec  ^ lAi -7<».t  ■  ,h 

■'  -v  ‘  ■  '■*  ...  "  *'  '  .-'j 

a^olfttl  ..lift.  w  t  Hi  r'  ’<J»  'J:^  :;iUf-  i^S?-  9£<ll%':  dc  CXJ  ^0,0 

-  •  -  ,7-  ■  •'  •  ■  ■  ‘  ■  ■'  ■  .  '  '  "  ‘•-  *■ 

iQ  .  --•  '  ^If ,  x-r> ;  ^ 

;-w*  -  .  ■  ^  i^v'  •  •  •  ■  ,  *  .  .V 

m  tfur  I  f.-  •''•  -6:^  JtiMi  ;*»  tm  t  «n:>q«as 

,:  >  >  *  ■  ,T  ^  V  'i  -. 

f.  M.  ■‘d  3ipsV  ■s>*i(4:, 

»  f  ^ ' '  .  '  ■  •  (  *  ”  k-  •.  ,  * 

9Taw  ^->1  jv.ti-?s  iT  6  r  Uw  •ii;o  ^o»ar  1 

t'  '  M 

.* 

t'l^b^Jio  aoalT*!®*')  **'  f  ;*rtfi  ^ m  bi.3io  ^’forfoaCa 

7ft  h6^v'«i^**v- !r^*^ ‘Rff  tq®!*  ”  jpiiiicJjno  ,,  fjar>£k'.?'Tffn»  Citnft  y^js^ar  no<i3 

*  ^  w  ■ 

’  ,*  1  .S*1{^T^''^v'  »0^» 

> .  '  c 

-  r;  toA  6  3ii:»  .L'st’b*-  H  tiJ  :iofl7  *L;fl.€  i  .3 

^  M  '  ♦  -  ;■  ■  ■  .  ^  ^  ' 

?bl  it  %z'tff9^  ic^  o;  &bxi  bti®  CS-lH  luUolv.  jgfi' ■-»  .*  t  ji??  >^3 


*  .  ?--^- 


*  '  r^  :.  1 


IS 


V? 


.  t 


r«wru  -'t.^  iJi*'  ‘  I'  ^.•'■,^w  ^i,naj 7j&7Gkr'^‘j'l  u  .Q 


xn.l  Jp  ;  ibipii  *'>  ,931^® 

V 


A' 


.,,  I 


-'■h 


.  "i 

’s 


I  , 

iLi 


*ft  ^ 


i-t.  Il 
^  . 


■;> 


r-m 


'*k.'  .  T 


*  ,» 


-lili 


.  t  Jl 


11 


i.l- 


1 

.  i.  1' 


-37- 


EXPERIMENTAL 

I .  Purif ication 

Since  M.  sodonensis  is  a  highly  pigmented  organism  and  this  pig¬ 
ment  is  membrane-associated,  loss  of  the  yellow  pigment  during  wall 
purification  served  as  a  qualitative  criterion  of  the  efficacy  of  the 
procedures  involved.  Phenol-extraction  was  found  to  completely  remove 
all  pigment  from  the  walls.  The  purification  sequence  employed  resulted 
in  preparations  which  were  white  and  which  represented  approximately  4% 
Cw/w)  of  original  cell  input.  Various  analyses  were  performed  upon  the 
final  products  to  assess  the  efficiency  of  the  purification  sequence. 

A.  Phosphate  Analysis 

Samples  were  removed  at  various  stages  of  purification,  hydrolyzed 
24  hours  in  6  N  HCl  at  lOC^C,  and  assayed  for  their  content  of  inorganic 
phosphate.  As  the  results  of  Table  I  indicate,  there  was  a  marked 
decrease  in  phosphate  content  during  each  successive  stage  of  purification. 
Terminal  preparations  contained  less  than  0.01%  by  weight  of  phosphate. 

The  purification  sequence  was,  therefore,  considered  effective  in  remov¬ 
ing  cell  membrane  contaminants. 

B.  Lipid  Analysis 

To  further  substantiate  the  hypothesis  that  pure  preparations 
contained  little,  if  any,  cell  membrane  contaminants,  cell  walls  were 
subjected  to  gross  lipid  analysis.  Chloroform :methanol  extracts  of  200 
mg  of  each  wall  preparation  were  prepared  and  analyzed  by  gas-liquid 
chromatography.  Escherichia  coli  cell  walls  were  likewise  treated  to 
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TABLE  I 

PHOSPHATE  CONTENT  OF  M.  SODONENSIS  CELL  WALLS 
AT  VARIOUS  STAGES  OF  PURIFICATION 


Cell  Wall  Material 

TCS-grown 

cell  walls 

Basal-grown 

cell  walls 

Whole  cells 

92 

87 

Crude  Wall  Fraction 

34 

68 

Pre-phenol 

18 

26 

Pre-trypsin 

1 

1 

Pure 

0.09 

0.09 

Data  are  expressed  as 

yg  per  mg 

material 

analyzed . 
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serve  as  a  positive  control. 

M.  sodonensis  contained  no  detectable  fatty  acids.  Solvent 
extracts  of  coli  cell  walls,  however,  contained  6  fatty  acids,  the 
major  one  of  which  was  palmitic  acid.  Fatty  acid  composition  of  these 
latter  cell  walls  agreed  closely  with  previous  analysis  (O’Leary,  1962), 
and  attested  to  the  efficiency  of  the  techniques  employed  for  the  invest 
igation  of  the  presence  of  lipids. 

Acid  hydrolysis  of  glycerides  results  in  the  formation  of  free 
fatty  acids  and  glycerol.  Chloroform:methanol  extracts  of  pure  cell 
walls,  when  acid  hydrolyzed  and  analyzed  by  glycerol  dehydrogenase  con¬ 
tained  no  detectable  glycerol.  However,  the  presence  of  glycerol  in  a 
tripalmitin  standard  subjected  to  the  same  analytical  sequence  was 
demonstrated.  For  the  above  reasons,  pure  cell  wall  preparations  were 
deemed  to  be  free  of  any  cell  membrane  contaminants. 

C.  Electron  Microscopic  Analysis 

Electron  microscopic  examination  of  negative-contrast  stained 
cell  wall  preparations  showed  them  to  be  devoid  of  gross  physical  con¬ 
tamination.  Such  preparations  consisted  predominantly  of  structures  the 
same  size  and  shape  as  intact  cells  lacking  their  cytoplasmic  contents. 
As  seen  in  Plate  I,  preparations  were  quite  homogeneous,  although  there 
were  in  evidence  some  structures  which  had  been  fragmented  at  some  point 
in  the  process  of  isolation  and  purification.  Backgrounds  were 
significantly  free  of  cellular  debris. 
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PLATE  I 


ELECTRON  PHOTOMICROGRAPH  OF  PURIFIED  M.  SODONENSIS 

CELL  WALL  PREPARATION 


Specimens  were  negative-contrast  stained  with  3% 
phosphotungstic  neutralized  with  KOH. 

Magnification  =  45,900  x 
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II*  Peptidoglycan  Composition  and  Structure 
A.  Total  Amino  Acid  Composition 

I*  Identification  of  Amino  Acids:  The  identities  of  peptidoglycan 
amino  acids  were  established  by  descending  chromatography,  co-chromato¬ 
graphy  with  ^^C-labelled  amino  acids,  and  by  isolation  of  the  amino 
acids  as  their  dinitrophenyl  derivatives. 

Two-hundred  yg  of  pure  cell  walls  were  hydrolyzed  in  6  N  HCl  at 
100°C  for  18  hours,  evaporated  to  dryness,  and  resuspended  in  1.0  ml  of 
distilled  water.  Twenty  yl  of  the  hydrolysate  were  spotted  on  Whatman 
No.  1  paper  and  developed  for  24  hours  in  the  phenol : ammonia : water 
system.  Standard  amino  acids  were  run  with  each  chromatogram.  Four 
spots  V7ere  detected  in  both  cell  wall  hydrolysates  corresponding  to 
glutamic  acid,  glycine,  alanine,  and  lysine. 

Further  confirmation  of  these  amino  acids  was  obtained  by  co¬ 
chromatography  with  ^^C-labelled  standards.  Twenty  yl  of  the  18  hour 
hydrolysate  were  applied  to  4  cm  Whatman  No.  1  filter  paper  strips  along 
with  1  yl  of  the  ^^C-standards ,  and  the  strips  developed  for  24  hours. 

As  sho\ra  in  Figures  1  and  2,  the  amino  acids  previously  identified  as 
glutamic  acid,  glycine,  alanine,  and  lysine  co-chromatographed  exactly 
with  their  respective  radioactive  standards. 

Dinitrophenyl  derivatives  of  the  amino  acids  were  formed  by 
reacting  100  yg  of  acid  hydrolyzed  cell  walls  with  l-fluoro-2 ,4-dinitro¬ 
benzene  as  described  in  Methods.  Thin-layer  chromatography  of  the 
ether-extracted  DNP-der ivatives  was  performed  in  the  chlorof ormrmethanol 
acetic  acid  solvent  system  Xi/ith  known  DNP— amino  acid  standards.  As 
sho\7n  in  Table  II,  the  values  of  the  four  spots  in  the  hydrolysate 
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FIGURE  1 

CO- CHROMATOGRAPHY  OF  AN  18  HR  HYDROLYSATE  OF  M.  SODONENSIS 

14  14 

CELL  WALLS  WITH  C-GLYCINE  AND  C-LYSINE 


Twenty  yl  of  an  18  hr  hydrolysate  were  applied  to 

14 

4  cm  strips  of  Whatman  No.  1  paper  along  with  1  yl  of  C- 
standard,  and  the  strip  developed  24  hr  in  the  phenol :water : 
ammonia  system.  Spots  V7ere  located  with  ninhydrin  reagent 
and  radioactivity  was  detected  by  means  of  a  Nuclear  Chicago 
Actigraph  III  Strip  Scanner. 
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FIGURE  2 


CO- CHROMATOGRAPHY  OF  AN  18  HR  HYDROLYSATE 

14 

CELL  WALLS  WITH  C-GLUTAMIC  ACID  AND 


OF  M.  SODONENSIS 
14 

C-ALANINE 


Twenty  yl  of  an  18  hr  hydrolysate  were  applied  to 
4  cm  strips  of  I^atman  No.  1  paper  along  V7ith  1  yl  of  ^^C- 
standard,  and  the  strip  developed  24  hr  in  the  phenol : water : 
ammonia  system.  Spots  were  located  with  ninhydrin  reagent 
and  radioactivity  was  detected  by  means  of  a  Nuclear  Chicago 


Actigraph  III  Strip  Scanner. 
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TABLE  II 

VALUES  OF  KNOWN  AND  M.  SODONENSIS  CELL  WALL 
DNP-AMINO  ACID  DERIVATIVES 


Derivative 

Rf 

Unknovm 

Rf 

DNE-glutamic  acid 

0.36 

1 

0.36 

DNP-glycine 

0.50 

2 

0.51 

DNP-alanine 

0.66 

3 

0 . 66 

Di-DNP-Iysine 

0.73 

4 

0.73 
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corresponded  to  the  values  of  the  DNP-derivatives  of  glutamic  acid, 
glycine,  alanine,  and  lysine. 

2*  Estimation  of  Amino  Acids:  Quantification  of  amino  acids  was 
performed  as  described  in  Methods.  One  hundred  yg  amounts  of  pure  cell 
walls  were  acid  hydrolyzed  along  with  a  standard  amino  acid  mixture 
containing  50  nmoles  each  of  glutamic  acid,  glycine,  alanine,  and  lysine. 
Formation  of  dinitrophenyl  derivatives,  and  their  subsequent  separation 
and  quantification  were  performed  as  previously  described.  Standards 
and  samples  were  assayed  in  triplicate. 

Table  III  shows  that  the  amino  acid  composition  of  both  TCS-  and 
basal-grown  cell  walls  was  approximately  the  same.  Molar  ratios  for 
glutamic  acid : glycine : alanine : lysine  of  1:1: 2:1  are  typical  for  amino 
acids  found  in  the  peptidoglycans  of  some  other  microccal  cell  walls 
(Ghuysen,  1968).  The  precision  of  the  technique  is  evident  in  that  the 
experimental  values  closely  approximate  the  theoretical  1:1:2:1  ratio. 

3.  Estimation  of  Free  N-  and  C-terminal  Amino  Acids:  Cell  walls 
were  digested  with  lysozyme  prior  to  the  analysis  for  free  N-  and  C-term¬ 
inal  amino  acids  to  loosen  the  peptidoglycan  net  such  that  the  maximum 
number  of  free  amino  and  free  carboxyl  groups  would  be  exposed  for 
chemical  assay.  Five  mg  of  each  wall  preparation  were  digested  for  24 
hours  with  lysozyme  under  previously  specified  conditions.  The  final 
volume  of  each  digest  was  2.0  ml.  Triplicate  50  yl  samples  of  each 
digest  were  analyzed  for  N-terminal  amino  acids  by  the  dinitrophenylation 
technique.  A  standard  solution  containing  50  nmoles  of  L-alanine  was 
subjected  to  the  same  procedures  and  served  as  an  internal  quantitative 
control.  For  the  estimation  of  free  N^-amino  groups  of  lysine,  a 
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TABLE  III 


AMINO  ACID  COMPOSITION  OF  M.  SODONENSIS  CELL  WALLS 


Amino  Acid 

TCS-grown  cell  walls 

Basal-grown 

cell  walls 

Amount* 

Molar  Ratio 

Amount*  Molar  Ratio 

Glutamic  acid 

514 

1.00 

546 

1.03 

Glycine 

523 

1.02 

531 

1.00 

Alanine 

1,070 

2.08 

1,060 

2.01 

Lysine 

514 

1.00 

530 

1.00 

*Data  are  expressed  as  nmoles  per  mg  cell  wall. 
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solution  containing  50  nmoles  of  N  -mono-DNP-L-lysine-hydrochloride  was 

subjected  to  all  procedures  excluding  dinitrophenylation . 

The  total  number  of  free  C-terminal  amino  acid  groups  was 

estimated  using  the  same  preparations  employed  for  estimation  of  N-term- 

inal  amino  acid  groups.  Triplicate  100  yl  samples  of  each  digest  were 

evaporated  to  dryness  and  analyzed  for  their  content  of  free  C-terminal 

amino  acids  by  the  previously  described  hydrazinolysis  technique. 

Standard  solutions  containing  100  nmoles  each  of  glycine  and  L-alanine 

were  treated  identically  to  serve  as  internal  quantitative  controls. 

The  data  presented  in  Table  IV  indicate  that  both  cell  wall 

preparations  contained  no  detectable  amino  acids  with  free  a-amino 

£ 

groups.  While  over  95%  of  the  N  -amino  groups  of  lysine  were  free  in 

TCS-grown  cell  walls,  nearly  25%  of  these  groups  were  substituted  in 

basal-grown  cell  walls.  Alanine  and  glycine  are  the  only  amino  acids 

possessing  free  C-terminals  in  intact  cell  walls.  While  more  than  90% 

of  the  carboxyl  groups  of  glycine  are  unsubstituted  in  TCS-grown  cell 

walls,  only  66%  of  these  groups  are  free  in  basal-grown  cell  walls. 

£ 

The  fact  that  about  one-quarter  of  the  N  -amino  groups  of  lysine  and 
C-terminal  groups  of  glycine  are  substituted  in  basal-grown  cell  walls 
suggests  that  several  N^- (glycyl) -L-lysine  linkages  might  occur  in  this 
preparation.  A  very  small  percentage  of  the  total  cell  wall  alanine  of 
either  preparation  was  found  to  possess  free  C— terminals,  but  TCS-grown 
cell  walls  contained  more  unsubstituted  C-terminal  alanine  groups  than 
did  basal-grown  cell  walls.  These  data  indicate  that  varying  conditions 
of  growth  have  a  definite  effect  on  peptidoglycan  peptide  bonding. 
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TABLE  IV  . 

FREE  N-  AND  C-TERMINAL  AMINO  ACIDS’^  OF 
M.  SODONENSIS  CELL  WALLS 


TCS-grown  cell  walls  Basal-grown  cell  walls 


Ala  Gly  Lys  Ala  Gly  Lys 


N-terminal  amino 
acids 


* *  *  490 

(95%) 


*  *  387 

(73%) 


C-terminal  amino 
acids 


88  487  * 

(8%)  (93%) 


30  352  * 

(3%)  (66%) 


t  Data  are  expressed  as  nmoles  per  mg  cell  wall. 

*  Below  levels  of  detection. 
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B .  Hexosamine  Composition 

1.  Identification  of  Hexosamines :  Identification  of  cell  wall  hexos- 
amines  was  established  by  separation  of  charged  from  neutral  sugars  and 
subsequent  electrophoretic  resolution  of  the  former  fraction.  liizo  and 
one-half  mg  of  cell  walls  were  hydrolyzed  in  3  N  HCl  at  100°C  for  3  hr, 
evaporated  to  dryness  in  vacuo,  and  resuspended  in  2.0  ml  of  water.  Ion 
exchange  chromatography  was  then  performed  on  Dowex-50W-X4  columns  as 
described  in  Methods.  The  "Charged  Sugar  Fraction"  eluted  from  such 
columns  was  evaporated  to  dryness  to  remove  HCl,  and  resuspended  in  0.2 
ml  of  distilled  water.  Twenty  yl  of  this  preparation  were  spotted  on 
4  X  41  cm  strips  of  LKB  filter  paper  along  with  glucosamine  and  muramic 
acid  standards.  Electrophoresis  was  performed  at  pH  5.0  as  described  in 
Methods.  Figure  3  shows  a  typical  electrophoretogram.  The  Charged 
Sugar  Fraction  contained  only  two  sugars,  both  of  which  gave  positive 
reactions  with  ninhydrin  and  alkaline  AgNO^*  The  tv7o  sugars  corresponded 
exactly  to  muramic  acid  and  glucosamine. 

Further  confirmation  of  muramic  acid  and  glucosamine  as  cell 
wall  components  was  achieved  by  gas— liquid  chromatography.  Component 
monosaccharides  of  the  Charged  Sugar  Fraction  were  silyated  and  chrom¬ 
atographed  on  10%  QFj^  on  60/80  Chromosorb  W  as  described  in  Methods. 

Figure  4  shows  the  elution  profile  of  the  trimethylsilyl  derivatives 
of  the  Charged  Sugar  Fraction.  The  first  peak  corresponded  exactly  to 
a  glucosamine  standard  which  had  been  silyated  under  identical  conditions 
while  the  second  corresponded  exactly  to  muramic  acid.  Addition  of 
TMS-glucosamine  to  test  mixtures  resulted  in  a  heightened  detector 
response  of  Peak  1.  Similarly,  addition  of  TMS-muramic  acid  resulted 
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FIGURE  3 

ELECTROPHORETIC  SEPARATION  OF  M.  SODONENSIS  CELL  WAI.L 

HEXOSAMINES 

Twenty  yl  of  the  Charged  Sugar  Fraction  obtained 
from  2.5  mg  cell  walls  were  spotted  in  4  x  41  cm  LKB  strips 
along  with  sugar  standards.  Electrophoresis  was  performed 
at  400  V  and  2.8  mA  in  the  pyridine : acetic  acid:water  buffer, 
pH  5.0,  f  or  one  hour.  Spots  were  located  with  alkaline 
AgNO^  reagent. 


Detector  Response 


1 


4  6  8  10  12 
Time  (Minutes) 
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FIGURE  4 

GAS -LIQUID  CHROMATOGRAPHY  OF  M.  SODONENSIS  CELL  WALL  HEXOS AMINES 

Fifty  yl  of  the  TMS-sugars  of  the  Charged  Sugar 
Fraction  obtained  from  20  mg  of  cell  walls  were  chromato¬ 
graphed  on  10%  QF^  on  60/80  Chromosorb  W.  Column  conditions 
are  described  in  Materials  and  Methods. 

Peak  1  -  Glucosamine  Peak  2  -  Muramic  acid 
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in  a  greater  amount  of  Peak  2  material.  No  other  amino  sugars  some¬ 
times  encountered  in  cell  walls  of  other  bacteria  such  as  galactosamine , 
vanosamine,  or  mannosamine  were  detected  in  the  Charged  Sugar  Fraction. 
Therefore,  muramic  acid  and  glucosamine  represent  the  only  two  amino 
sugar  components  of  M.  sodonensis  cell  walls. 

2.  Estimation  of  Cell  Wall  Hexosamines:  Quantification  of  the 
cell  wall  hexosamines  was  achieved  by  means  of  the  modified  Morgan- 
Elson  reaction  as  described  in  Methods.  Since  this  technique  requires 
free  hexosamines,  it  is  essential  to  subject  samples  to  acid  hydrolysis. 
To  establish  the  optimal  hydrolysis  time  for  maximal  release  of  hexos¬ 
amines,  a  series  of  sealed  tubes,  each  containing  100  yg  of  cell  walls 
(whole  or  subjected  to  24  hours  lysozyme  digestion)  in  3  N  HCl  were 
held  at  100°C.  At  intervals,  tubes  were  removed,  their  contents 
evaporated  to  dryness,  and  assayed  for  total  hexosamines  relative  to  an 
unhydrolyzed  glucosamine-HCl  standard.  As  shown  in  Figure  5,  the 
optimum  hydrolysis  time  under  these  conditions  was  3  hours. 

Total  hexosamine  assays  were  performed  upon  both  intact  and 
lysozyme  digested  cell  walls  relative  to  an  N-acetylglucosamine  standard. 
The  results  are  given  in  Table  V.  The  whole  cell  walls  gave  significant¬ 
ly  lower  total  hexosamine  values  than  walls  which  had  been  pre-treated 
with  lysozyme.  This  was  attributed  to  incomplete  hydrolysis  of  the 
wall  in  its  native  state. 

Although  both  TCS-  and  basal-grown  cell  walls  contained  approx¬ 
imately  the  same  amounts  of  glutamic  acid,  glycine,  alanine,  and  lysine 
in  a  1:1: 2:1  ratio,  the  latter  contained  almost  twice  as  many  hexosamines 
per  mg  cell  wall.  This  implied  that  either  the  degree  or  nature  of 
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FIGURE  5 


KINETICS  OF  HEXOSAMINE  RELEASE  BY  ACID  HYDROLYSIS 
OF  M.  SODONENSIS  CELL  WALLS 


One-hundred  yg  of  intact  cell  walls  or  whole 
lysozyme  digests  of  cell  walls  were  hydrolyzed  in  sealed 
tubes  in  3  N  HCl  at  100°C.  Morgen-Elson  assays  were  per¬ 
formed  on  samples  which  were  removed  at  intervals  and  the 
total  amount  of  hexosamine  determined  relative  to  a 
glucosamine-HCl  standard. 

O - O  Lysozyme  digests  of  cell  walls 

O - O 
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TABLE  V 

* 

TOTAL  HEXOSAl-IINE  CONTENT  OF  M.  SODONENSIS 


CELL  WALLS 

Wall  Preparation 

TCS-grown  cell  walls 

Basal-grown  cell  walls 

Intact 

489 

843 

Lysozyme  digested 

567 

1,070 

*  Data  are  expressed  as  nmoles  per  mg  cell  wall. 
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peptide  substitution  of  the  glycan  was  more  complex  in  the  TCS-grown 
cell  walls,  or  that  an  amino  sugar-containing  co-polymer  might  occur  in 
basal-grown  cell  walls. 

3.  Estimation  of  Glucosamine  Content:  The  glucosamine  content  of 
cell  walls  was  estimated  by  means  of  the  previously  described  glucos- 
aminostat  reagent.  Cell  walls  were  digested  for  24  hours  with  lysozyme 
under  the  standard  specified  conditions.  Samples  containing  62.5  yg 

and  125  yg  of  digested  material  were  assayed  for  glucosamine.  Appropriate 
samples  (containing  between  10  and  50  nmoles  glucosamine)  of  the  lysozyme- 
soluble  and  -insoluble  portions  of  each  cell  wall  preparation  were  like¬ 
wise  so  assayed.  (Lysozyme-soluble  and  -insoluble  portions  of  cell 
walls  are  defined  in  Section  III,  A  3).  Muramic  acid  values  were 
obtained  by  subtraction  of  the  glucosamine  content  from  the  total 
hexosamine  content.  Results  are  presented  in  Table  VI. 

Both  cell  wall  preparations  and  their  respective  lysozyme- 
soluble  and  -insoluble  portions  contained  glucosamine  and  muramic  acid 
in  equimolar  amounts.  It  is,  therefore,  unlikely  that  an  amino  sugar- 
containing  co-polymer  occurs  in  basal-grown  cell  walls.  Excess  glucos¬ 
amine  and  muramic  acid  residues  likely  occur  in  very  sparsely  peptide 
substituted  glycan  strands. 

4.  N-acetyl  Substitution  of  Cell  Wall  Hexosamines;  N-acetyl 
substitution  of  glycan  hexosamines  was  established  qualitatively  by 
electrophoretic  separation  of  cell  wall  glycan  and  peptide  components. 

Ten  mg  of  pure  cell  walls  were  digested  sequentially  with  S trep tomyces 
ML-endopeptidase  for  60  hours,  Streptomyces  N-acetylmuramic  acid-L-ala- 
nine  amidase  for  24  hours,  and  Myxobacter  AL-1  Protease  for  24  hours. 
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TABLE  VI 

GLUCOSAMINE  AND  MURAMIC  ACID  CONTENT* 


OF 

M.  SODONENSIS 

CELL  WALLS 

A. 

TCS-Gro\-m  Cell 

Walls 

Whole  Cell 
Walls 

Lysozyme-  Lysozyme- 

soluble  portion  insoluble  portion 

Total  Hexosamines 

567 

273 

295 

Glucosamine 

278 

137 

144 

Muramic  acid 

289 

136 

151 

Mur : Glu 

1.04 

0.99 

1.05 

B. 

Basal-Crown  Cell 
Walls 

Total  Hexosamines 

1,070 

796 

271 

Glucosamine 

540 

399 

136 

Muramic  acid 

528 

397 

135 

Mur ; Glu 

0.98 

0.99 

0.99 

*  Data  are  expressed 
Mur,  Muramic  acid; 

as  nmoles  per  mg  cell  wall  or 
Glu,  Glucosamine 

portion  thereof. 
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The  digest  was  evaporated  to  dryness,  resuspended  in  1.0  ml  of  0.1  N 
formic  acid,  and  100  yl  of  the  preparation  applied  to  4  x  41  cm  strips 
of  LKB  filter  paper  strips.  Electrophoresis  was  performed  in  0.1  N 
formic  acid  as  described  in  Methods. 

Dried  strips  were  sprayed  with  Sharon’s  reagent,  specific  for 
N-acetylamino  sugars,  and  examined  under  ultraviolet  light.  A  broad 
band  of  fluorescence,  indicative  of  the  presence  of  N-acetylamino  sugars 
had  migrated  1  cm  from  the  origin  toward  the  cathode.  This  represented 
glycan  material.  A  parallel  ninhydrin-reacted  strip  exhibited  a  band 
of  peptide  material  7  cm  from  the  origin  in  the  cathode  direction. 

Additionally,  the  absence  of  DNP-muramic  acid  and  DNP-glucos- 
amine  in  hydrolysates  of  dinitrophenylated  cell  walls  indicate  that 
constitutive  hexosamines  of  the  glycan  are  N-acetylated . 

C.  Controlled  Digestion  of  Cell  Walls  by  Myxobacter  AL-1  Protease 

1.  Kinetics  of  Digestion:  Digests  were  prepared  as  described  in 
Methods,  and  aliquots  removed  therefrom  at  various  times.  These  were 
centrifuged  5  minutes  in  a  Beckman  Microfuge,  and  portions  of  the  super¬ 
natant  assayed  for  their  content  of  N-  and  C-terminal  alanine.  The 
absorbance  of  the  digest  at  550  nm  was  determined  simultaneously  to 
follow  loss  of  turbidity  of  the  digestion  mixtures. 

Enzyme— mediated  release  of  N—  and  C— terminal  alanine  as  a  function 
of  time  is  presented  in  Figure  6.  In  both  cell  wall  preparations,  more 
N-  than  C-terminal  groups  of  alanine  were  released  by  digestion  with 
Myxobacter  AL-1  Protease.  This  finding  implied  that  there  might  be  few 


D-alanyl-L-alanine  linkages  or  that  such  linkages  were  unavailable  for 
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FIGURE  6 

KINETICS  OF  MYXOBACTER  AL-I  PROTEASE  DIGESTION 
OF  M.  SODONENSIS  CELL  WALLS 


Five  mg  of  each  wall  preparation  were  digested  v/ith 
Myxobacter  AL-1  Protease  under  standard  specified  conditions 
Triplicate  100  yl  samples  were  withdrawn  at  intervals  and  assayed 
for  their  content  of  N-terminal  alanine.  Triplicate  300  yl 
samples  vjere  simultaneously  withdrawn  for  assay  of  their  C-terminal 
alanine  content. 
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enzymic  hydrolysis.  Moreover,  TCS-gro^im  cell  walls  released  more  N-term- 
inal  alanine  groups  even  though  both  preparations  contain  almost  equal 
amounts  of  this  amino  acid.  This  finding  strongly  suggests  that  more 
N-acetylmuramic  acid  residues  are  peptide  substituted  in  TCS-gro\vm  cell 
walls . 

Clarification  of  cell  wall  suspensions  digested  with  Myxobacter 
AL-'l  Protease  was  compared  vjith  the  rate  of  release  of  N-terminal  alanine. 
As  is  shown  in  Figure  7,  clarification  of  basal-grown  cell  walls  was 
effected  by  the  enzyme  before  any  significant  release  of  N-terminal  ala¬ 
nine  groups  occurred.  Thus,  the  hydrolysis  of  a  relatively  few  sensitive 
bonds  results  in  solubilization  of  the  walls  with  the  concomitant 
release  of  large  fragments.  This  suggests  that  long  peptide  cross¬ 
bridges  occur  in  basal-grown  cell  walls.  However,  the  nature  and  degree 
of  peptide  cross-linking  would  appear  to  be  less  organized  and  complex 
than  in  the  TCS-grov/n  cell  walls.  In  the  latter  case,  clarification  of 
wall  suspensions  and  release  of  N-terminal  alanine  groups  occurred  almost 
simultaneously.  Thus,  many  bonds  are  cleaved  and  N-terminal  alanine 
groups  exposed  prior  to  complete  wall  solubilization. 

2.  Free  N-  and  C-terminal  Amino  Acid  Groups  Released  by  Digestion 

with  M],o;obacter  AL-1  Protease:  Five  mg  of  each  wall  preparation 
were  digested  for  24  hours  with  the  Myxobacter  AL-1  Protease  under 
previously  specified  conditions.  The  final  volume  of  each  digest  was  2.0 
ml.  Triplicate  50  yl  aliquots  were  assayed  for  their  content  of  free 
N-terminal  amino  acid  groups  as  previously  described.  Triplicate  100  yl 
aliquots  of  each  digest  were  evaporated  to  dryness  and  analyzed  for  their 
content  of  free  C-terminal  amino  acids  by  the  hydrazinolysis  technique. 
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FIGURE  7 

COMPARISON  OF  N-TERMINAL  ALANINE  RELEASE  AND  CLARIFICATION  OF 
MYXOBACTER  AL-1  PROTEASE  DIGESTS  OF  M.  SODONENSIS  CELL  WALLS 


Two  and  one-half  mg  per  ml  cell  walls  were  digested  with 
Myxobacter  AL-1  Protease  under  standard  specified  conditions. 
Triplicate  100  yl  aliquots  were  withdrawn  at  intervals  and  assayed 
for  their  content  of  N-terminal  alanine.  The  turbidity  of  the 
digestion  mixture  was  simultaneously  determined  at  550  nm  _ 

O - o  N-terminal  alanine  release  in  TCS-grown  cell  walls 

O - o  N-terminal  alanine  release  in  basal-grown  cell  walls 

Relative  %  clarification  of  TCS-grov/n  cell  wall  digest 
0"--0  Relative  %  clarification  of  basal-grown  cell  wall  digest 
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Standards  and  controls  were  the  same  as  those  employed  for  the  estimation 
of  free  N-  and  C-terminal  amino  acid  groups  in  lysozyme  digests  of  whole 
cell  walls.  Data  are  presented  in  Table  VII. 

Although  only  a  small  percentage  of  the  total  alanine  content  of 
each  cell  wall  preparation  was  released  as  N-terminal  alanine,  Myxobacter 
AL-1  Protease  digestion  released  more  of  .these  groups  in  the  TCS-  than 
in  basal-gro'tm  cell  walls.  While  essentially  all  of  the  carboxyl  groups 
of  glycine  were  free  in  such  digests  of  TCS-gro\ra  cell  walls,  25%  of 
these  groups  still  remained  substituted  in  basal-grown  cell  walls. 

Higher  levels  of  free  N  -amino  groups  of  lysine  and  carboxyl  groups  of 
glycine  appeared  in  Myxobacter  AL-1  Protease  digests  than  those  observed 
in  intact  cell  v;alls  (Table  VI) .  This  finding  lends  support  to  the 
postulated  existence  of  an  N  -(glycyl)-L-lysine  linkage  in  the  peptido- 
glycan . 

ct 

It  was  possible  to  calculate  the  number  of  N-acetylmuramyl-N  -L- 
alanine  linkages,  i.e.,  the  number  of  N-acetylmuramic  acid  residues  which 
were  peptide  substituted  in  intact  cell  walls.  The  simplifying  assump¬ 
tion  was  that  the  total  N-terminal  alanine  groups  released  by  Myxobacter 
AL-1  Protease  digestion  minus  the  amount  of  N-terminal  alanine  groups 
released  by  hydrolysis  of  D-alanyl-L-alanine  linkages  represented  this 
figure.  N-terminal  alanine  groups  released  by  cleavage  of  D-alanyl-L- 
alanine  bonds  was  taken  as  the  difference  between  free  C-terminal  alanine 
content  before  and  after  Myxobacter  AL-1  Protease  digestion.  These 
results  are  summarized  in  Table  VIII. 

One  can  approximate  that  ,  on  the  average,  two  in  every  five 
muramic  acid  residues  are  peptide  substituted  in  TCS-grown  cell  walls 
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TABLE  VII 


t 

ESTIMATION  OF  FREE  N-  AND  C-TERMINAL  AMINO  ACIDS  IN  M.  SODONENSIS 
CELL  WALLS  DIGESTED  BY  MYXOBACTER  AL-1  PROTEASE 


TCS-grox-m  cell  walls  Basal-grown  cell  walls 


Ala 

Gly 

Lys 

Ala 

Gly 

Lys 

N-terminal  amino 
acids 

134 

(12%) 

* 

501 

(99%) 

86 

(8%) 

* 

415 

(78%) 

C-terminal  amino 
acids 

106 

(10%) 

518 

(99%) 

* 

46 

(4%) 

397 

(75%) 

JL. 

t  Data  are  expressed  as  nmoles  per  mg  cell  wall. 
*  Below  levels  of  detection. 
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TABLE  VIII 

N-ACETYLMURAMIC  ACID-PEPTIDE  SUBSTITUTION 
IN  M.  SODONENSIS  CELL  WALLS* 


TCS-Grovm  Basal-GroT;m 
Cell  Walls  Cell  Walls 


Total  N-terminal  alanine  released 


by  Myxobacter  AL-1  Protease  (A) 

134 

86 

N-terminal  alanine  released  by 
cleavage  of  D-alanyl-L-alanine 
linkages  (B) 

18 

16 

C( 

Total  N-acetylmuramyl-N  -L-alanine 
linkages  (A  -  B) 

116 

70 

Total  Muramic  Acid 

289 

528 

%  Muramic  acid  substituted 

40.1 

13.3 

*  Bata  are  expressed  as  nmoles  per  mg  cell  wall. 
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whereas  only  one  in  ten  muramic  acid  residues  is  so  substituted  in  basal- 
grown  cell  walls. 

3.  Fractionation  of  Myxobacter  AL-1  Protease  Digests:  Myxobacter 
AL-1  Protease  digests  of  cell  walls  were  fractionated  by  gel  filtration 
in  0.1  M  LiCl  on  the  linked  Sephadex  G-50,  G-25  system  described  in 
Methods.  Fifty  mg  of  each  wall  preparation  were  subjected  to  36  hours 
digestion  with  Myxobacter  AL-1  Protease  under  previously  specified  con¬ 
ditions.  The  digest  was  concentrated  to  a  final  volume  of  5.0  ml  and 
applied  to  the  column.  Five  ml  fractions  were  collected  and  100  yl 
samples  of  these  assayed  for  their  content  of  free  amino  groups  relative 
to  a  solution  containing  50  nmoles  of  L-alanine.  Figure  8  shows  a 
typical  elution  profile  of  such  digests  fractionated  in  this  manner. 

The  free  amino  groups  of  TCS-grown  cell  walls  treated  in  this 
way  fractionated  into  four  main  peaks  having  K^v  values  of  0.75,  0.6, 
0.32,  and  0  (excluded).  These  first  two  peaks  corresponded  to  the  pep¬ 
tide  monomer  and  dimer  fractions  observed  in  a  similar  type  of  fraction¬ 
ation  of  lutea  cell  walls  (Campbell  ,  1969).  In  digests  of 

basal— grown  cell  walls,  there  was  no  such  clear  fractionation  of  free 
amino  groups  suggesting  that  altered  peptidoglycan  structure  yields 
altered  types  of  digestion  products. 

The  material  from  TCS-grown  cell  walls  having  a  value  of  0.75 
was  provisionally  designated  "Peptide  Monomer"  and  further  analyzed. 

This  material  was  desalted  on  a  2.5  x  30  cm  column  of  Bio-gel  P-2  eluted 
with  distilled  water,  and  then  concentrated  to  a  volume  of  3.0  ml. 

Twenty— five  yl  aliquots  of  this  solution  were  analyzed  for  their  content 
of  total  amino  acids,  and  free  N-  and  C— terminal  amino  acid  groups. 
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FIGURE  8 

FRACTIONATION  OF  MYXOBACTER  AL-1  PROTEASE  DIGESTS 
OF  M.  SODONENSIS  CELL  WALLS 


Fifty  mg  of  each  cell  wall  preparation  were  digested  with 
Myxobacter  AL-1  Protease  under  standard  specified  conditions. 
Digests  were  concentrated  to  a  volume  of  5.0  ml  and  applied  to  the 
linked  Sephadex  G-50 ,  G-25  system  and  eluted  with  0.1  M  LiCl. 

Five  ml  fractions  were  collected  and  100  yl  of  each  assayed  for 
its  content  of  free  amino  groups  relative  to  an  L-alanine  standard. 

TCS-grown  cell  walls 
...........  Basal-grown  cell  walls 
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Data  are  presented  in  Table  IX. 

The  peptide  monomer  contained  only  glutamic  acid,  glycine,  alanine, 
and  lysine  in  a  1:1:2:1  ratio.  From  the  N-  and  C-terminal  amino  acid 
analysis  of  this  material,  it  was  evident  that  approximately  half  of  the 
alanine  was  N-terminal  and  the  other  half  was  C-terminal.  All  the 
N  -amino  groups  of  lysine  were  free. 

To  establish  the  amino  acid  sequence  of  the  peptide  monomer,  the 
material  was  subjected  to  sequential  Edman  Degradation,  a  procedure  which 
removes  amino  acids  from  the  N-terminal  end  of  a  peptide  one  at  a  time. 

A  500  yl  aliquot  of  the  peptide  monomer  solution  containing  approximately 
900  nmoles  of  peptide,  was  subjected  to  one  cycle  of  the  Edman  Degradation 
as  previously  described.  The  peptide,  shortened  by  one  amino  acid,  was 
resuspended  in  100  yl  of  distilled  water  and  designated  "Edman  1"  mater¬ 
ial.  Ten  yl  aliquots  of  this  material  were  analyzed  for  their  total 
amino  acid  content,  and  their  content  of  free  N-  and  C-terminal  amino 
acids.  The  remaining  70  yl  of  Edman  I  material  was  passed  through  yet 
another  cycle  of  the  process,  resuspended  in  50  yl  of  distilled  water, 
and  designated  as  "Edman  II"  material.  Ten  yl  aliquots  of  this  material 
were  subjected  to  total  and  N-terminal  amino  acid  analysis.  Data  are 
presented  in  Table  IX. 

After  compensating  for  amino  acid  destruction  resulting  from  the 
technique,  a  calculated  figure  of  1,180  nmoles  per  ml  was  obtained  for 
the  total  alanine  content  of  Edman  I  material.  This  figure,  based  upon 
the  average  percentage  destruction  of  glutamic  acid,  glycine,  and  lysine 
before  and  after  one  cycle  of  Edman  Degradation,  compared  favorably  with 
the  experimental  value  for  total  alanine  content  of  1,160  nmoles  per  ml. 
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TABLE  IX 

ANALYSIS  OF  THE  M.  SODONENSIS  CELL  WALL  PEPTIDE  MONOMER 
SUBJECTED  TO  SEQUENTIAL  EDMAN  DEGRADATION 


Matar ial 

Assayad 

Total  amino 
acidst 

Molar 

Ratio 

N-tarminal 

Groups! 

C-tarminal 

Groups! 

A. 

Paptida  Monomar 

- 

Glutamic  acid 

1,840 

1.03 

* 

* 

Glycina 

1,780 

1.00 

* 

1,790 

Alanina 

3,640 

2.04 

1,790 

1,850 

Lysina 

1,780 

1.00 

1,770 

* 

B. 

Edman  I 

Glutamic  acid 

1,160 

1.00 

1,130 

* 

Glycina 

1,200 

1.04 

* 

1,190 

Alanina 

1,160 

1.01 

* 

1,160 

Lysina 

1,160 

1.00 

1,150 

* 

C. 

Edman  II 

Glycina 

790 

— 

790 

L  Data  ara  axprassad  as  ninolas  par  ml  of  paptida  monomar  solution 
*  Balow  lavals  of  dataction. 
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FIGURE  9 


STRUCTURE  OF  THE  PEPTIDE  MONOMER  OF  M.  SODONENSIS  CELL  WALLS 


AS  DEDUCED  BY  SEQUENTIAL  EDMAN  DEGRADATION 
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No  N-terminal  alanine  could  be  detected  in  Edman  I  material.  Glutamic 
acid  was  the  N-terminal  of  the  new  peptide  which  nov7  contained  glutamic 
acid,  glycine,  alanine,  and  lysine  in  an  approximate  1:1:1: 1  ratio. 

Analysis  of  Edman  II  material  revealed  that  glycine  was  the  only 
remaining  amino  acid  with  a  free  a-amino  group.  Moreover,  the  glycine 
existed  as  a  free  amino  acid  since  values  obtained  by  both  total  amino 
acid  assay  and  total  N-terminal  amino  acid  assay  were  equivalent.  The 
only  peptide  structure  which  is  consistent  with  these  observations  is 
one  in  which  a  peptide  linkage  occurs  between  the  a~carboxyl  group  of 
glutamic  acid  and  the  a-amino  group  of  glycine.  Since  glutamic  acid  of 
Edman  I  material  does  not  possess  a  free  C-terminal,  it  must  also  be 
linked  through  its  Y“Carboxyl  group  to  the  a-amino  group  of  lysine,  which 
is  the  only  am.ino  acid  in  the  Edman  I  peptide  lacking  both  a  free  a-amino 
group  and  a  free  a-carboxyl  group.  Since  the  Edman  Degradation  follows 
a-peptide  bonds,  the  structure  of  the  monomer  presented  in  Figure  9  is 
established . 

III.  Non-peptidoglycan  Components  of  Cell  Walls 
A,  Carbohydrates 

1.  Identification  of  Cell  Wall  Sugars :  The  identities  of  remaining 
cell  wall  sugars  were  established  by  paper  and  gas-liquid  chromatography 
of  the  Neutral  Sugar  Fraction  of  cell  wall  hydrolysates.  Two  and  one- 
half  mg  of  pure  cell  walls  were  hydrolyzed  in  3  N  HCl  at  100  C  for  3  hr, 
evaporated  to  dryness,  suspended  in  1.0  ml  of  water,  and  the  primary 
separation  of  neutral  and  charged  sugars  performed  by  ion  exchange  chrom 
atography  on  Dowex-50W-X4  as  previously  described.  The  Neutral  Sugar 
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Fraction  so  obtained  was  dried,  and  resuspended  in  1.0  ml  of  water. 
Two-hundred  yl  samples  of  the  Neutral  Sugar  Fraction  containing  about 
0.5  mg  of  material  were  spotted  on  Whatman  No.  1  filter  paper  along  with 
sugar  standards.  Figure  10  shows  a  typical  chromatogram  which  had  been 
developed  for  24  hours  in  the  butanol : ethanol rwater  system.  Glucuronic 
acid,  fructose,  and  rharnnose  were  clearly  separated  from  other  monosac¬ 
charides.  Galactose  and  glucose  were  both  present  but  were  never 
resolved  in  this  or  any  other  solvent  systems  tried. 

To  further  confirm  the  identity  of  these  five  sugars,  portions 
of  the  Neutral  Sugar  Fraction  containing  approximately  0.5  mg  of  material 
were  subjected  to  gas-liquid  chromatographic  analysis.  Conditions  for 
formation  of  tr imethylsilyl  sugar  derivatives  and  chromatographic 
separation  have  been  previously  described. 

Figure  11  shows  the  elution  profile  obtained  from  the  TMS-sugars 
of  the  Neutral  Sugar  Fraction.  Known  standards  of  silyated  sugars  were 
added  in  sequence  one  at  a  time  to  the  Neutral  Sugar  Fraction  and  the 
resultant  elution  profiles  examined  for  change  in  detector  response,  and 
alteration,  if  any,  in  retention  time.  In  this  way.  Peaks  1  and  2  were 
confirmed  as  being  a-  and  3-rhamnose  respectively.  Peak  3,  fructose. 

Peaks  4  and  5,  a-  and  ^-glucose  respectively,  and  Peak  6,  glucuronic 
acid .  Peaks  7  and  8  were  trace  components  which  corresponded  to  none  of 
the  standard  sugars  tested.  Galactose  could  not  be  detected  by  the 
gas— liquid  chromatographic  procedures  employed.  Standard  TMS-galactose 
was  found  to  elute  fractionally  before  glucose  but  its  presence  was 
masked  by  the  large  amounts  of  glucose  present  in  the  Neutral  Sugar 
Fraction.  Estimation  employing  the  highly  specific  galactostat  reagent 
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FIGURE  10 


NEUTRAL  SUGAR  COMPONENTS  OF  M.  SODONENSIS  CELL  WALLS 

Two-hundred  yl  of  the  Neutral  Sugar  Fraction  of  cell 
walls  containing  approximately  0.5  mg  material  were  spotted 
and  the  chromatogram  developed  for  24  hr  in  the  butanol: 
ethanol :water  system.  Spots  vjere  located  with  the  alkaline 
AgNO^  reagent. 
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FIGURE  11 

GAS -LIQUID  CHROMATOGRAPHY  OF  M.  SODONENSIS  CELL  WALL 

NEUTRAL  SUGARS 

Dried  samples  of  the  Neutral  Sugar  Fraction  containing 
approximately  0.5  mg  of  hydrolyzed  material  were  silyated  and 
chromatographed  on  QFj^  on  60/80  Chromosorb  W  as  described  in 
Materials  and  Methods. 


Peak  1  -  a-rhamnose 


Peak  5  -  3-glucose 


Peak  2  -  3-i^hamnose 


Peak  6  -  glucuronic  acid 


Peak  3  -  fructose 


Peak  7  -  unknown 


Peak  4  -  a-glucose 


Peak  8  -  unknown 


k 


A. 


•1 

_  »  - 
j  .  iUf  ;i  ■;  '■ ;  '!•  ]-^!A0 

*  •*  « •  , 

» 

•  •> 

.■fA  ;\7qK 

f  "  ' 

y  r>3  ^  :so.7fi4Q< 

.  >V.' i: ,  i>i?»  el*|? 

^ 

1  t  -  ^  „ 

;  "i 

•  .  1  tis. 


.  i 

S  ksr 

•'  V 

-  C  ^ 


?,0 


-73- 


has,  however,  confirmed  the  presence  of  galactose  in  the  Neutral  Sugar 
Fraction . 

2.  Estimation  of  Cell  Wall  Neutral  Sugars:  Quantification  of  cell 
wall  neutral  sugars  was  achieved  by  chemical  or  enzymic  assays  of  whole 
lysozyme  digests  of  cell  walls.  Table  X  summarizes  these  results.  As 
can  be  seen,  both  cell  wall  preparations  were  qualitatively  identical 
with  respect  to  their  neutral  sugar  content.  However,  basal-grown  cell 
walls  contained  larger  total  amounts  of  every  sugar  component  than  did 
TCS-'gro\^^l  cell  walls.  Glucose  represented  the  major  sugar  component  of 
both  cell  wall  preparations.  While  the  sum  of  the  total  hexose  and 
methyl  pentose  assays  was  equivalent  to  the  total  carbohydrate  values 
for  both  preparations,  only  85%  and  93%  of  the  total  hexoses  could  be 
accounted  for  in  the  TCS-  and  basal-grown  cell  walls  respectively.  This 
may  be  a  result  of  the  techniques  involved  or  the  small  quantities  of 
unidentified  trace  sugars  seen  in  gas-liquid  chromatographic  studies. 

Sialic  acids  were  not  detectable  by  either  chromatographic  or  chemical 
techniques . 

3.  Analysis  of  Cell  Wall  Polysaccharides:  Isolation  of  cell  wall 
polysaccharides  was  effected  by  gel  filtration  and  ion  exchange  chrom¬ 
atography.  The  initial  step  in  obtaining  polysaccharide  material 
involved  a  24  hour  lysozyme  digestion  of  50  mg  of  pure  cell  walls. 
Lysozyme-soluble  material  was  defined  as  that  portion  of  the  lysozyme 
digested  cell  walls  which  was  not  sedimented  by  one  hour  s  centrifugation 
at  39,000  X  g.  Such  material  was  fractionated  by  gel  filtration  on  the 
previously  described  linked  Sephadex  G— 50,G— 25  system.  Effluent  fractions 
were  analyzed  for  their  content  of  free  amino  groups,  hexosamines,  glucose. 
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TABLE  X 

NON-PEPTIDOGLYCAN  CARBOHYDRATES  OF  M.  SODONENSIS  CELL  WALLS* 


Component 

Assay 

TCS-Grown 

Cell  Walls 

Basal-Grown 
Cell  Walls 

Total  Carbohydrate 

Phenol-Dubois 

128 

180 

An throne 

127 

181 

Indole 

127 

178 

Total  Methyl  Pentose 

Cysteine-sulfuric  acid 

15 

19 

Total  Hexose 

Cysteine-sulfuric  acid 

112 

161 

Glucose 

Glucostat 

63 

105 

Galactose 

Galactostat 

5 

7 

Fructose 

Cysteine-carbazole 

5 

7 

Glucuronic  acid 

Carbazole 

22 

31 

*  Data  are  expressed  as  yg  per  mg  cell  wall. 
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and  reducing  groups.  Carbohydrate-containing  fractions  were  pooled, 
desalted  by  passage  through  2.5  x  30  cm  Bio-gel  P-2  columns  eluted  with 
distilled  water,  and  retained  for  further  purification. 

The  lysozyme-soluble  polysaccharide  from  TCS-grov/n.  cell  walls 
was  found  to  be  free  of  peptidoglycan  components  and  was  designated 
"Polysaccharide  TCS-S."  However,  the  lysozyme-soluble  polysaccharide 
from  basal-grown  cell  walls  still  contained  hexosamines  and  amino  acids. 
Separation  of  this  material  from  peptidoglycan  components  was  facilitated 
by  subsequent  ion  exchange  chromatography  on  DEAE-cellulose .  Figure 
12  shows  the  separation  of  the  lysozyme-soluble  polysaccharide  of  basal- 
groim  cell  walls  on  DEAE-cellulose.  This  polysaccharide  was  designated 
"Polysaccharide  BS." 

Lysozyme-insoluble  polysaccharide  material  was  prepared  from 
24  hour  Myxobacter  AL-1  Protease  digests  of  the  lysozyme-insoluble 
portions  of  each  cell  wall  preparation.  Such  polysaccharides  were 
separated  from  peptidoglycan  components  by  ion  exchange  chromatography 
on  Dowex— 1  as  described  in  Methods.  The  polysaccharides  of  the  lysozyme- 
insoluble  portions  of  basal-  and  TCS-grown  cell  walls  were  found  to  be 
free  of  peptidoglycan  components  after  such  treatment  and  were  designated, 
respectively,  "Polysaccharide  Bl,"  and  "Polysaccharide  TCS-1." 

Isolation  of  cell  wall  neutral  sugars  as  polysaccharides  free  of 
peptidoglycan  components  justifiably  allows  their  classification  as  non- 
pep tidoglycan  components.  Moreover,  it  is  obvious  that  such  components 
are  not  covalently  bound  to  the  peptidoglycan  of  intact  cell  walls. 

Further  substantiation  of  this  fact  was  attained  by  quantification  of 
carbohydrate  material  in  whole  wall  digests  and  in  the  isolated 
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FIGURE  12  - 

SEPARATION  OF  POLYSACCHARIDE  BS  FROM  PEPTIDOGLYCAN  COMPONENTS 


The  glucose-containing  peak  of  the  lysozyme-soluble  portion 
of  50  mg  of  basal-grown  cell  walls  was  concentrated  to  a  volume  of 
5.0  ml  and  applied  to  a  1  x  50  cm  DEAE-cellulose  column  which  was 
eluted  with  0.01  M  sodium  carbonate-bicarbonate  buffer,  pH  10.0. 

Five  ml  fractions  were  collected.  After  three  column  volumes  had 
been  collected,  a  0.5  M  NaCl  gradient  was  applied.  One-hundred 
yl  portions  of  each  fraction  were  assayed  for  their  content  of  glucose, 
hexosamines ,  and  free  amino  groups.  Conductivity  was  determined 
with  a  Type  CDM  2  Bach-Simpson  Conductivity  Meter. 
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polysaccharide  preparations.  In  every  case,  more  than  95%  of  the  carbo¬ 
hydrate  material  placed  on  ion  exchange  columns  was  accounted  for  in  the 
isolated  polysaccharides  free  of  peptidoglycan  components. 

Identification  of  constituent  monosaccharides  and  their  relative 
proportions  in  Polysaccharides  BS,  BI,  and  TCS-I  was  achieved  by  gas- 
liquid  chromatography.  Samples  of  each  polysaccharide  containing  approx¬ 
imately  0.5  mg  of  carbohydrate  were  hydrolyzed  in  3  N  HCl  for  3  hr  at 
100°C,  evaporated  to  dryness,  and  analyzed  by  gas-liquid  chromatography 
as  previously  described.  Relative  proportions  of  the  composite  sugars 
were  calculated  from  the  areas  under  effluent  peaks.  Figure  14  shows 
the  elution  profile  of  the  constitutive  monosaccharides  of  the  three 
polysaccharides  so  analyzed. 

Peaks  1  and  2  corresponded,  respectively  to  a-  and  B-rhamnose, 
Peaks  3  and  4  corresponded,  respectively  to  a-  and  0-glucose,  and  Peak 
5  corresponded  to  glucuronic  acid.  Polysaccharide  BS  contained  only 
rhamnose  and  glucose,  while  Polysaccharides  BI  and  TCS-I,  both  from  the 
lysozyme-insoluble  portions  of  cell  walls,  contained  rhamnose,  glucose, 
and  glucuronic  acid  in  a  1:3:2  ratio.  These  data  are  summarized  in 
Table  XI. 

Mean  chain  length  of  each  polysaccharide  was  established  on  the 
assumption  that  the  polysaccharides  v/ere  linear  and  not  branched-chain 
polymers.  Calculations  were  based  upon  the  total  carbohydrate  content 
per  ml  of  solution  divided  by  the  total  number  of  reducing  groups  per  ml 
of  solution.  These  data  are  presented  in  Table  XI. 

Gel  filtration  of  the  individual  polysaccharides  on  columns  of 
Bio-gel  P-30  C2  x  45  cm)  established  that  they  were  single  macromolecules 
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'  FIGURE  13 


MONOSACCHARIDE  COMPOSITION  OF  M.  SODONENSIS  CELL  WALL 

POLYSACCHARIDES 


Samples  containing  approximately  0.5  mg  of  each  polysac¬ 
charide  were  hydrolyzed  in  3  N  HCl  at  100°C  for  3  hr.  Hydrolysates 
were  evaporated  to  dryness  and  silyated  and  chromatographed  on  10% 
QF-[^  on  60/80  Chromosorb  W  as  described  in  Materials  and  Methods. 


Top  profile:  Monosaccharides  of  Polysaccharide  BS 

Middle  profile:  Monosaccharides  of  Polysaccharide  BI 
Bottom  profile:  Monosaccharides  of  Polysaccharide  TCS-I 

Peak  1  -  a-rhamnose 
Peak  2  -  3-rhamnose 
Peak  3  -  a-*glucose 
Peak  4  -  3-glucose 


Peak  5  -  glucuronic  acid 


G 


■  Ijjf  ') 


Cl 


y  ‘ 


yi  ■l^■^nll^^  f  i■li||■^i 

aciPKSKLVioi  .h  'i<)g*o:tr20‘JKco  3ftis._ 


i  t 


V  ^  Spirit J:}!yoo  nalt^utB 


T'*'*  *  •  • 


3!^)  ifl  IDH  H  £  cl; 

,  ,  t.  vjAYlli  r>;ri"vSf€^V'^t  OJ  bs>:ittO<|»V3  01»W 

^  -  I'l  -5  =  *1 ' 


!•. 


•  Nt  I  -  v  ‘  •.  '^iob  9u  W  d70fco<noT»'^^  £^-'',0jd  uo  j[1p 

..  T  .  '  ■  '  5  ■ 


*  ■  (i 


■* 


i.i 


>*  v'ji'v  r4. 

■  2  "  ':  ’  ;  V :  :  •  10  ^ 

^^-v:T  )o  Ji({  ^qo^uM.  tduitofL  • 


^0;i0X5-4*-*  £ 

a»iig*f  -  ^  afcsi^i 


y.  'II  Wiu-liX|jf  -  C 

m  r  K  * 


w 


r 


■  I 


fe-  '■  I  *  j  ~ 


10 


s' 


i 


TABLE  XI 


-79- 


co 

w 

Q 


>-< 

o 

p^ 


w 

o 

tn 

M 

cn 


52: 

w 

iz 

o 

Q 

o 

CO 


SI 

pr-i 

o 


CO 


w 

M 

H 

0^ 


W 

CL, 


O 

Cii 


pH 


.n 

C  LJ 
•H  bO 

00 

CO 

cd  C 

•<r 

00 

cu 

u  K-1 

bO 

c  ^ 

•H  P4 

O  (1) 

vD 

cr> 

m 

o 

C5  15 

XI  O 

CO 

00 

CN 

1 — 1 

CU  CL, 

pcJ 

■a 

4-) 

O 

vD 

o 

o 

c 

Cvj 

o 

1—4 

CO 

d 

O 

I— 1 

00 

o 

1 

iH 

O 

CN 

CM 

•H 

ro 

•  • 

•  • 

+J 

•  • 

1 

CO 

CO 

Cd 

r-{ 

•  • 

•  • 

cc! 

tH 

0) 

0) 

CU 

CO 

CO  XJ 

CO  X 

o 

o  -H 

O  -H 

o 

a  o 

CJ  CJ 

CO 

0 

C3  cd 

CJ  cd 

4-) 

iH 

1— 1 

rH 

CJ 

bO 

bO  CJ 

bO  CJ 

0) 

•H 

•rH 

c: 

C 

C 

o 

CU 

<u  o 

0)  O 

CL 

CO 

CU 

CO  5-4 

CO  5-1 

a 

o 

CO 

O  C3 

O  P 

o 

c 

o 

S  a 

P  o 

o 

e 

o 

g  P 

e  P 

cd 

C5 

cd  ,H 

cd  r — 1 

-C 

rH 

X  bO 

X  bO 

pcj 

O 

Pi 

Pi 

CD 

X5 

•H 

5-1 

cd 

Xi 

o 

CO 

M 

a 

CO 

1 

M 

1 

cd 

CQ 

CO 

CQ 

CO 

CO 

CJ 

CJ 

H 

H 

>— 1 

o 

CM 

a 

o 

•H 

4- > 

:i 

iH 

O 

W 

0) 

TJ 

•H 

Vh 

n5 

,c 

o 

o 

c3 

m 

fH 

O 

CL 

14-1 

O 

5- 4 
<U 
CL 

cn 

0) 

, — I 

o 

C 

CO 

cd 

nd 

0) 

CO 

CO 

0) 

5-4 


0) 

<U 

5-4 

cd 

cd 

p) 

cd 

(=1 

hT* 


AD 


Carbohydrate  (/ug/mg) 


_*  lo  w  55 

o  o  o  o  o 


-80- 


FIGURE  14 

GEL  FILTRATION  OF  M.  SODONENSIS  CELL  WALL  POLYSACCHARIDES 
BS,  BI,  AND  TCS-I  ON  BIO-GEL  P-30 

Isolated  polysaccharide  preparations  in  a  final  volume 

of  1.0  ml  were  applied  in  sequence  to  a  Bio-gel  P-30  column  having 

a  Vq  of  85  ml  and  a  of  225  ml.  Effluent  fractions  were  assayed 

for  their  carbohydrate  content  by  the  phenol-Dubois  technique 
relative  to  a  glucose  standard. 
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rather  than  collections  of  small  heterogeneous  fragments.  Figure  14 
shows  the  elution  profiles  of  the  polysaccharides  on  Bio-gel  P-30 
columns . 

B.  Protein :  It  has  been  noted  that  cell  walls  contain  demonstrable 
monoesterase  and  diesterase  activities  during  all  but  the  last  stage  of 
purification  and  that  serological  cross-re*ac tion  between  purified 
M.  sodonensis  extracellular  nuclease  and  rabbit  anti-cell  V7all  serum 
occurs  Cberry  aJ^.  ,  1970).  Bearing  these  points  in  mind,  attempts  were 
made  to  estimate  the  amount  of  protein  present  in  cell  walls. 

1.  Trypsin  Digestion  of  Cell  Walls:  Trypsin-mediated  release  of 
protein  Cpeptides)  from  pre-trypsin  cell  walls  was  demonstrable.  Pre¬ 
trypsin  cell  walls  were  digested  with  bovine  pancreatic  trypsin  under 
previously  specified  conditions.  Samples  were  withdra\^^l  from  digests 
at  designated  intervals,  centrifuged  to  sediment  insoluble  material, 
and  assayed  for  Lowry-positive  materials  and  for  hexosamines  by  the 
modified  Morgen-Elson  reaction.  Parallel  reaction  mixtures  containing 
trypsin  but  no  cell  walls,  and  cell  walls  but  no  trypsin  were  analyzed 
simultaneously.  Minimum  values  for  the  release  of  protein  were  obtained 
by  subtraction  of  the  sum  of  the  values  of  the  negative  controls  from 
test  values.  Release  of  Lowry-positive  material  from  pre-trypsin  cell 
walls  as  a  function  of  time  is  presented  in  Figure  15. 

At  no  time  were  hexosamines  detected  in  the  supernatants  of 
trypsin  digests.  Thus,  the  release  of  protein  was  real  and  did  not 
represent  peptidoglycan  net  disintegration.  Basal— grov'/n  cell  walls 
released  significantly  more  protein  than  did  TCS— grown  cell  walls. 
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FIGURE  15 


RELEASE  OF  M.  SODONENSIS  CELL  WALL  PROTEIN  BY  TRYPSIN  DIGESTION 


Five  mg  pre-trypsin  cell  walls  were  digested  at  37°C  with 
bovine  pancreatic  trypsin  under  standard  specified  conditions.  The 
final  volume  of  each  digest  was  2.0  ml.  At  intervals,  250  yl  samples 
were  removed,  centrifuged  to  sediment  insoluble  material,  and  portions 
of  the  supernatant  fractions  assayed  for  their  content  of  protein  as 
described  in  the  text. 

© - o  Protein  released  from  basal-grown  cell  walls 

O - O  Protein  released  from  TCS-grown  cell  walls 
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2.  Alkali  Digestion  of  Cell  Walls:  Alkali-mediated  release  of  cell 
wall  protein  was  employed  to  estimate  the  amount  of  protein  bound  to 
cell  walls  since  the  enzyme  experiment  yielded  only  a  minimum  protein 
value  and  was  subject  to  error  introduced  by  trypsin  autocatalysis. 

Five  mg  of  each  pre-trypsin  cell  wall  preparation  were  incubated  in  0.5 
N  KOH  at  37  °C.  Samples  containing  200  yl  of  digest  were  rem.oved  at 
intervals,  and  centrifuged  for  5  minutes  in  a  Beckman  Microfuge  to 
sediment  insoluble  material.  Assays  for  protein,  hexosamines,  and  free 
amino  groups  were  then  performed  on  100  yl,  25  yl,  and  40  yl  portions 
respectively,  of  the  supernatant  fraction.  Since  alkali  is  knovzn  to 
catalyze  lactyl-peptide  elimination  from  N-acetylmuramic  acid  of  glycan 
strands  (Tipper,  1968)  thereby  giving  rise  to  materials  reactive  in  the 
Lowry  protein  assay,  a  parallel  reaction  mixture  of  post-trypsin  cell 
walls  was  prepared  in  0.5  N  KOH  and  simultaneously  analyzed.  The  amount 
of  protein  in  cell  walls  was  calculated  by  subtraction  of  the  amount  of 
Lowry-positive  material  released  in  post-trypsin  cell  v/alls  by  alkali 
digestion  from  the  amount  of  such  material  in  alkali  digests  of  pre¬ 
trypsin  cell  walls. 

Up  to  5  hours,  no  soluble  Lowry-positive  materials  were  detected 
in  the  post-trypsin  cell  wall  control.  Samples  withdrawn  from  both  test 
and  control  digests  after  this  time  contained  hexosamines  and  free  amino 
groups,  indicating  that  peptidoglycan  components  were  being  solubilized. 
However,  the  calculated  protein  content  was  the  same  at  5  hours  as  it 
had  been  at  3  hours.  Therefore,  protein  release  from  cell  walls  was 
essentially  complete  before  the  initiation  of  peptidoglycan  solubiliz 
ation.  The  final  values  of  38  yg  per  mg  and  53  yg  per  mg  protein  in 
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FIGURE  16 

RELEASE  OF  M.  SODONENSIS  CELL  WALL  PROTEIN  BY  ALKALI  DIGESTION 

Five  mg  of  pre- trypsin  cell  walls  were  incubated  in  0.5  N 
NaOH  at  37°C,  and  250  yl  aliquots  of  the  2.0  ml  hydrolysis  mixture 
withdrav/n  at  intervals.  These  were  centrifuged  to  sediment  insoluble 
material,  and  the  supernatant  fractions  assayed  for  their  content  of 
protein  as  described  in  the  text. 

O - O  Protein  release  from  TCS-grown  cell  walls 
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TCS"  and  basal-grown  cell  walls  respectively  are  slightly  higher  than 
values  obtained  from  trypsin  digestion  data. 

C.  A  Flavin-like  Substance  Found  in  the  Cell  Walls 

During  preparation  of  the  lysozyme-soluble  and  -insoluble 
portions  of  basal-  and  TCS-grown  cell  walls,  a  slight  yellox^^  coloured 
material  was  observed  at  the  bottom  of  lysozyme-insoluble  pellets. 
Lysozyme-insoluble  material  was  carefully  removed  by  scraping  to  leave 
the  yellow  material.  The  material  was  extracted  into  95%  ethanol, 
evaporated  to  dryness,  and  resuspended  in  2.0  ml  of  95%  ethanol.  The 
absorbance  spectra  of  these  preparations  were  determined  in  a  DBG- 
Spectrophotometer .  A  standard  solution  containing  50  yg  of  riboflavin 
was  likewise  scanned  from  900  nm  to  200  nm. 

The  absorption  spectra  of  material  extracted  from  both  cell  wall 
preparations  were  identical.  Tracings  of  absorbance  versus  wavelength 
revealed  that  the  unkno^ra  yellow,  ethanol-soluble  material  had  absorption 
maxima  at  340  nm,  260  nm,  and  215  nm.  Riboflavin  had  absorption  maxima 
at  340  nm  (the  typical  absorption  region  )  ,  270  nm,  and  215  nm.  Such 
absorption  maxima  are  typical  of  flavin  compounds.  Since  this  flavin¬ 
like  substance  is  present  in  minute  amounts,  it  would  have  been  impract¬ 
ical  to  prepare  in  sufficient  quantity  for  a  complete  analysis. 

IV.  Studies  on  the  Controlled  Enzymic  Degradation  of  Cell  Walls 

A,  Lysozyme  Activity  on  Cell  Walls 

1.  Kinetics  of  Lysozyme  Digestion:  Five  mg  of  each  cell  wall  prepar¬ 
ation  were  digested  with  lysozyme  under  the  standard  specified  conditions. 
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The  final  volume  of  each  digestion  mixture  was  2.0  ml.  At  designated 
intervals,  50  yl  aliquots  were  removed,  and  centrifuged  for  5  minutes  in 
a  Beckman  Microfuge  to  sediment  insoluble  material.  Ten  or  20  yl  portions 
of  the  resultant  supernatants  were  assayed  for  reducing  groups  as  des¬ 
cribed  in  Methods.  Pellets  were  resuspended  in  400  yl  of  distilled  water 
and  turbidity  measured  as  absorbance  at  550  nm.  One-hundred  percent 
clarification  was  based  on  the  terminal  turbidity  of  the  digest  which 
exhibited  the  greatest  degree  of  clarification.  All  other  values  were 
expressed  relative  to  this  figure. 

Clarification  of  digests  and  lysozyme-mediated  release  of  reduc¬ 
ing  groups  as  a  function  of  time  is  presented  in  Figure  17.  Response 
of  the  two  cell  wall  preparations  to  lysozyme  was  m^arkedly  different. 
Basal-grown  cell  walls  exhibited  rapid  clarification  accompanied  by  a 
concomitant  release  of  reducing  groups.  Lysozyme-digestion  of  TCS-grown 
cell  V7alls,  on  the  other  hand,  produced  only  about  10%  clarification  and 
released  less  than  half  as  many  reducing  groups  as  were  observed  in 
basal-groxm  cell  walls.  These  findings  suggest  that  TCS-grown  cell  walls 
contain  fewer  lysozyme-sensitive  linkages  or  that  such  bonds  are  protected 
from  enzymic  hydrolysis  in  some  manner. 

Neither  cell  wall  preparation  was  ever  completely  solubilized  by 
lysozyme  digestion.  The  fact  that  digestion  was  complete,  and  that  it 
stopped  because  of  unavailability  of  substrate  and  not  because  of  product 
inhibition  (Johnson  and  Phillips,  1965),  was  established  by  the  fact  that 
addition  of  fresh  lysozyme  to  digestion  mixtures  or  resuspension  of 
lysozyme-insoluble  material  in  fresh  enzyme  did  not  increase  the  amount 
of  reducing  groups  liberated  per  mg  cell  wall. 
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FIGURE  17 

KINETICS  OF  LYSOZYME  DIGESTION  OF  M.  SODONENSIS  CELL  WALLS 

Five  mg  of  each  cell  wall  preparation  were  digested  at  37°C 
with  lysozyme  under  standard  specified  conditions.  The  final  volume 
of  each  digest  was  2.0  ml.  At  intervals,  50  yl  aliquots  were  x\7ith- 
drawn,  centrifuged  to  sediment  insoluble  material,  and  10  or  20  yl 
portions  of  the  supernatant  fractions  assayed  for  their  content  of 
reducing  groups  relative  to  a  glucosamine  standard.  The  pellet  was 
resuspended  in  400  yl  of  distilled  water  and  the  turbidity  at  550  nm 
determined . 

O - O  Reducing  groups  liberated  in  TCS-grown  cell  walls 

O - o  Reducing  groups  liberated  in  basal-grown  cell  walls 

O . O  Relative  %  clarification  of  TCS-grown  cell  wall  digests 

O"-*‘0  Relative  %  clarification  of  basal-grown  cell  wall 
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2-  Electron  Microscopic  Examination  of  Lysozyme  Digests:  Conditions 
for  the  staining,  fixation,  and  thin-sectioning  of  specimens  have  been 
previously  described .  Plate  II  shows  an  electron  photomicrograph  of  a 
preparation  of  basal-groxm  cell  walls  which  was  lysozyme  digested  until 
there  was  no  detectable  increase  in  reducing  power.  The  material 
represents,  therefore,  the  lysozyme-insoluble  portions  of  cell  walls. 

The  matrix  of  the  wall  was  perceptibly  more  diffuse  than  that  seen  in  the 
whole,  undigested  cell  ^'7all.  However,  structural  integrity  of  the  walls 
was  maintained  even  though  75%  of  the  wall  had  been  solubilized.  Plate  IIT 
shows  an  electron  photomicrograph  of  the  same  preparation  in  thin-section. 
The  wall  V7as  found  to  have  a  thickness  of  920  A,  only  slightly  less  than 
the  thickness  of  the  intact  cell  wall  which  has  been  calculated  from 
similar  thin-sections  to  be  980  A. 

3.  Distribution  of  Lysozyme-soluble  and  -Insoluble  Components: 

Five  mg  of  each  wall  preparation  were  digested  for  24  hours  with  lysozyme 
under  standard  specified  conditions.  The  final  volume  of  each  digest  was 
2,0  ml.  The  following  triplicate  samples  were  removed  for  chemical  assay: 
200  yl  for  total  ester  assay,  50  yl  for  total  hexosamines  assay,  50  yl 
for  total  glucose  assay,  50  yl  for  total  amino  acid  assay,  and  25  or  50 
yl  for  total  glucosamine  assay.  Parallel  digests  were  centrifuged  at 
39,000  X  g  for  one  hour  to  yield  the  lysozyme— soluble  and  —insoluble 
portions.  The  lysozyme— soluble  material  was  carefully  decanted  into  a 
fresh  container.  The  same  quantities  of  this  material  were  subjected  to 
the  assays  given  above.  The  lysozyme— insoluble  material  was  resuspended 
in  a  final  volume  of  1.0  ml  with  distilled  water.  Again,  the  same 
quantities  of  this  material  were  assayed  for  total  esters,  amino  acids. 
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PLATE  II 

ELECTRON  PHOTOMICROGRAPH  OF  THE  LYSOZYME-INSOLUBLE  PORTION 
OF  BASAL-GROWN  M.  SODONENSIS  CELL  WALLS 


Basal-grown  cell  walls  were  digested  with  lysozyme 
under  standard  specified  conditions  until  addition  of 
fresh  lysozyme  produced  no  increase  in  the  release  of 
reducing  groups.  The  preparation  was  negative-contrast 
stained  with  3%  phosphotungs tic  acid. 

Magnification  =  36,600 
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PLATE  III 

ELECTRON  PHOTOMICROGRAPH  OF  THE  LYSOZYME-INSOLUBLE  PORTION 
.  OF  BASAL-CROWN  M.  SODONENSIS  CELL  WALLS  IN  THIN-SECTION 

The  lysozyme-insoluble  portion  of  basal-grown  cell  walls 
was  obtained  as  previously  described.  Procedures  for  fixation, 
embedding,  thin-sectioning,  and  staining  are  given  in  Materials 
and  Methods. 

Magnification  =  64,800  x 
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hexosamines ,  glucose,  and  glucosamine  as  previously  described. 

Data  presented  in  Tables  XII  and  XIII  indicate  that  gross  cell 
wall  composition  varies  under  altered  grov/th  conditions.  Intact  cell 
walls  of  the  TCS-gro^m  preparation  contained  more  esters,  fewer  hexos- 
amines,  and  less  glucose  than  preparations  of  basal-grown  cell  walls. 
Attention  is  directed  to  the  excellent  agreement  between  the  total  amount 
of  each  component  and  the  sum  of  components  in  the  respective  lysozyme- 
soluble  and  -insoluble  portion  of  each  wall  preparation.  On  the  basis  of 
hexosamine  content,  TCS-gro\m  cell  walls  were  49%  solubilized  by  lysozyme 
and  basal-grown  cell  walls  were  75%  solubilized  by  lysozyme  digestion. 

In  the  TCS-gro\'m  cell  walls,  the  most  insensitive  to  lysozyme, 
the  ester :muramic  acid  ratio  of  the  insoluble  portion  was  double  that 
found  in  the  analogous  portion  of  basal-gro^vm  cell  walls.  These  findings 
suggest  that  esterification  in  the  form  of  0-acetylation  is  a  key  factor 
in  the  diminished  response  of  these  cell  walls  to  lysozyme.  0-acetylation 
of  cell  walls  is  the  subject  of  subsequent  discussion. 

These  data  indicate  that  the  distribution  of  peptidoglycan  com¬ 
ponents  into  their  lysozyme-soluble  and  —insoluble  cell  wall  portions 
also  varies  under  differing  growth  conditions.  Although  a  Itl  ratio  of 
muramic  acid  to  glucosamine  and  a  1:1: 2:1  ratio  of  glutamic  acid,  glycine, 
alanine,  and  lysine  were  preserved  in  intact  cell  walls  and  their 
respective  lysozyme-soluble  and  —insoluble  portions,  in  TCS— grown  cell 
walls,  the  lysozyme— insoluble  portion  contains  87%  of  the  total  cell  wall 
amino  acids,  slightly  more  than  twice  the  amino  acid  content  of  the  anal¬ 
ogous  portion  of  basal-grovzn  cell  walls. 
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TABLE  XII 

DISTRIBUTION  OF  TCS -GROWN  M.  SODONENSIS  CELL  WALL 
COMPONENTS  IN  LYSOZYME  DIGESTS* 


Component 

Whole  Cell 
Walls 

Lysozyme- 
soluble  portion 

Lysozyme 

insoluble-portion 

Total  Hexosaraines 

567 

273 

295 

Muramic  acid 

289 

137 

151 

Glucosamine 

278 

136 

144 

Glutamic  acid 

514 

63 

458 

Glycine 

523 

64 

451 

Alanine 

1,070 

123 

913 

Lysine 

514 

63 

452 

Glucose 

350 

134 

214 

Esters 

470 

116 

354 

Esters :Muramic  acid 

1.62 

0,85 

2.34 

Alanine  rMuramic  acid 

3.70 

0.90 

6.05 

*  Data  are  expressed  as  nmoles  per  mg  cell  wall. 
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TABLE  XIII 

DISTRIBUTION  OF  BASAL-GROI^rN  M.SODONENSIS  CELL  WALL 
COMPONENTS  IN  LYSOZYME  DIGESTS* 


Component 

Whole  Cell 
Walls 

Lysoz3rme- 

soluble-portion 

Lysozyme- 

insoluble-portion 

Total  Hexosamines 

1,070 

796 

271 

Mu ramie  acid 

528 

397 

136 

Glucosamine 

540 

400 

137 

Glutamic  acid 

546 

300 

240 

Glycine 

531 

305 

230 

Alanine 

1,060 

590 

450 

Lysine 

530 

300 

330 

Glucose 

580 

460 

125 

Esters 

338 

175 

160 

Esters ;Muramic  acid 

0.64 

0.46 

1.19 

Alanine :Muramic  acid 

2.01 

1.49 

3.29 

*  Data  are  expressed  as  nmoles  per  mg  cell  vjall. 
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Fractionation  of  Lysozyme  Digests:  The  lysozyme-soluble  portion 
of  100  mg  of  cell  walls  was  fractionated  by  gel  filtration  on  the 
Sephadex  G-50,G-25  system  described  in  Methods.  Five  ml  fractions  were 
collected  and  100  yl  samples  of  these  assayed  for  free  amino  groups, 
hexosamines,  and  glucose.  Figure  18  shows  a  typical  elution  profile  of 
the  lysozyme-soluble  portion  of  cell  ^^7alls. 

There  was  little  correspondence  between  the  soluble  products  of 
lysozyme  digestion  of  the  two  cell  wall  preparations.  Only  one  peak  of 
the  lysozyme-soluble  portion  of  TCS-grown  cell  walls  contained  peptido- 
glycan  components.  This  material,  which  was  excluded  from  the  system, 
contained  13%  of  the  total  cell  wall  amino  acids,  and  49%  of  the  total 
cell  wall  hexosamines.  Glucose,  which  represented  only  38%  of  the  total 
cell  v/all  glucose,  consisted  of  low  molecular  weight  fragments  having  a 
value  of  0.9.  These  glucose  fragments  were  free  of  peptidoglycan  com¬ 
ponents.  In  contrast,  lysozyme-soluble  peptidoglycan  components  of  basal- 
grown  cell  walls  fractionated  into  three  main  peaks.  These  soluble 
products  of  lysozyme  digestion  contained  75%  and  56%  respectively,  of  the 
total  cell  wall  hexosamines  and  amino  acids.  In  this  case,  the  glucose, 
whiclr  was  excluded  from  the  system  along  with  peptidoglycan  components, 
accounted  for  79%  of  the  total  cell  wall  glucose.  Previous  studies  of 
this  high  molecular  weight  glucose-containing  material  have  shown  that  it 
is  not  covalently  associated  with  the  peptidoglycan. 

B.  The  Degree  and  Nature  of  Glycan  Peptide  Substitution 

1.  Streptomyces  N— acetylmuramic  acid— L— alanine  Amidase  Digestions. 


To  obtain  some  idea  of  the  degree  and  nature  of  peptide  substitution  of 
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FIGURE  18 

FRACTIONATION  OF  THE  LYSOZYME -SOLUBLE  PORTION  OF  M.  SODONENSIS 

CELL  WALLS 


The  lysozyme-soluble  portion  obtained  from  100  mg  of  cell 
walls  was  concentrated  to  a  volume  of  5.0  ml  and  applied  to  the  linked 
Sephadex  G-50,  G-25  system  and  eluted  with  0.1  M  LiCl.  Five  ml 
fractions  were  collected.  The  content  of  glucose,  hexosamines,  and 
free  amino  groups  in  0.1  ml  portions  of  each  fraction  was  determined 
as  described  in  Materials  and  Methods. 

Top  profile:  lysozyme-soluble  portion  of  TCS-grown  cell  walls 
Bottom  profile:  lysozyme-soluble  portion  of  basal-grown 

cell  walls 
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the  glycan,  the  lysozyme-soluble  and  -insoluble  portions  from  5  mg  of 
each  cell  wall  preparation  were  digested  with  the  Streptomyces  N-acetyl- 
muramic  acid-L-alanine  amidase  under  previously  specified  conditions. 

The  final  volume  of  each  reaction  mixture  was  2.0  ml.  After  24  hours 
digestion  at  37®C,  triplicate  100  yl  aliquots  of  each  digest  were  with¬ 
drawn  and  assayed  for  their  content  of  free  N-terminal  alanine  groups. 
Results  are  presented  in  Table  XIV. 

This  amidasic  activity  releases  only  alanine  which  is  covalently 
bound  to  N-acetylmuramic  acid.  The  lysozyme-insoluble  portions  of  both 
cell  wall  preparations  contained  significantly  more  muramic  acid-linked 
alanine  than  did  the  lysozyme-soluble  portions.  Glycans  of  these  portions 
are,  therefore,  more  highly  peptide-substituted  than  their  corresponding 
lysozyme-soluble  portions.  On  the  average,  approximately  three  muramic 
acid  residues  in  five  are  peptide  substituted  in  the  TCS-grown  lysoz3nne- 
insoluble  portion  while  about  two  in  five  are  so  substituted  in  the  anal¬ 
ogous  fraction  of  basal-grown  cell  walls. 

A  greater  difference  in  degree  of  peptide  substitution  was  obser¬ 
ved  in  the  lysozyme-soluble  portions  of  the  two  preparations:  in  the 
soluble  portion  of  TCS-grown  cell  walls  about  one  in  five  muramic  acid 
residues  are  peptide  substituted  while  only  one  in  twenty  are  so  sub¬ 
stituted  in  the  lysozyme-soluble  portion  of  basal-grown  cell  walls. 
Significantly,  both  portions  of  the  TCS-grown  cell  wall,  which  is  the 
least  sensitive  to  lysozyme,  are  more  highly  pep tide— substituted  than 
the  corresponding  basal-grown  cell  wall  fractions.  The  correlation  bet¬ 
ween  degree  of  peptide  substitution  of  the  glycan  and  lysozyme-sensitiv¬ 
ity  will  be  discussed  later. 
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Amidase  digestion  of  these  walls  was  deemed  complete  in  that  the 
total  release  of  N-terminal  alanine  groups,  approximately  117  nmoles  per 
mg  in  TCS-grown  cell  walls,  and  70  nmoles  per  mg  in  basal-grown  cell 
walls,  was  identical  to  the  values  obtained  by  Myxobacter  AL-1  Protease 
digestion  of  whole  cell  walls. 

Calculations  of  the  amount  of  muramic  acid-linked  L-alanine 
were  based  on  the  assumption  that  L-alanine  constitutes  one-half  of  the 
total  cell  wall  alanine  content  (see  Discussion) .  The  data  presented  in 
Table  XIV  indicate  that  relatively  low  amounts  of  the  total  L-alanine 
were  released  by  amidase  digestion.  Residual  L-alanine  must,  therefore, 
be  involved  in  peptide  cross-bridging.  In  the  lysozyme-insoluble  portion 
of  TCS-grown  cell  walls,  about  80%  of  the  L-alanine  was  not  released  by 
amidase  digestion.  Such  a  distribution  of  L-alanine  is  consistent  with 
peptide  bridges  composed,  on  the  average,  of  four  peptide  subunits.  In 
the  corresponding  portion  of  basal-grown  cell  walls,  approximately  75% 
of  the  L-alanine  residues  are  not  released  by  amidase  digestion  suggest¬ 
ing  that  the  cross-bridges  are  somewhat  smaller,  likely  only  three  peptide 
subunits  in  length,  on  the  average.  About  60%  of  the  L-alanine  residues 
of  the  lysozyme-soluble  portion  of  TCS-gro\>m  cell  walls  are  likely  in¬ 
volved  in  peptide  cross-bridging.  Such  a  pattern  would  result  in  peptide 
cross-bridges  two  to  three  subunits  in  length.  That  approximately  95% 
of  the  total  L-alanine  content  of  the  lysozyme-soluble  portion  of  basal- 
grown  cell  walls  was  not  involved  in  N-acetylmuramyl— L-alanine  linkages 
suggests  that  very  long  cross— bridges ,  18  to  19  subunits  in  length  might 
occur.  Since  this  portion  constitutes  75%  of  the  whole  cell  wall,  the 
peptidoglycan  matrix  of  basal-grown  cell  walls  is  a  much  looser  network 
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than  that  found  in  TCS-grown  cell  walls.  Differences  in  the  degree  of 
peptide  substitution  and  nature  of  cross-bridging  are  consistent  with 
the  observed  response  of  the.  tv70  wall  preparations  to  lysozyme  digestion. 

2.  Myxobacter  AL-1  Protease  Activity  on  Pre-solubilized  Cell  Walls: 

To  determine  if  the  L-alanine  not  present  in  N-acetylmuramic  acid- 
L-alanine  linkages  occurred  in  D-alanyl-L-alanine  bonds,  the  foregoing 
amidase  digests  were  subjected  to  digestion  with  Myxobacter  AL-1 
Protease.  The  amidase  digests  were  adjusted  to  pH  9.0  with  NaOH,  and  10 
yg  of  Myxobacter  AL-1  Protease  and  sufficient  0.01  M  veronal-HCl  buffer, 
pH  9.0,  added  to  yield  a  final  volume  of  3.0  ml.  Reaction  mixtures  were 
incubated  at  37 ®C  for  24  hours  after  which  time  triplicate  100  yl 
aliquots  were  withdrawn  and  assayed  for  their  content  of  N-terminal  ala¬ 
nine  residues.  Two-hundred  yl  aliquots  of  the  reaction  mixtures  were 
assayed  for  their  C-terminal  alanine  content  before  and  after  Myxobacter 
Protease  digestion.  Data  are  presented  in  Table  XV. 

Although  previous  studies  of  Myxobacter  AL-1  Protease  digests  of 
whole  cell  walls  indicated  that  few  D-alanyl-L-alanine  bonds  were  cleaved, 
this  was  not  the  case  with  preparations  which  had  been  pre— treated  with 
lysozyme  and  the  amidase.  In  every  case,  the  amount  of  free  N— terminal 
alanine  groups  found  in  cell  wall  fractions  sequentially  digested  with 
lysozyme,  the  amidase,  and  Myxobacter  AL-1  Protease,  accounted  for  more 
than  94%  of  the  total  L-alanine  content.  Since  such  preparations  had 
been  pre-digested  with  the  amidase,  release  of  N-terminal  alanine  by 
Myxobacter  AL-1  Protease  represents  cleavage  of  D-alanyl-L-alanine  bonds. 
This  is  confirmed  by  the  observation  that  the  ratios  of  C-  and  N-terminal 


alanine  released  by  digestion  were  1:1  in  every  case. 
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findings  strongly  support  the  previous  assumption  that  one  half  of  the 
total  cell  wall  alanine  is  present  as  the  D-isomer  and  the  other  half 
occurs  as  the  L-isomer. 

3.  Streptomyces  ML-endopep tidase  Activity  on  Cell  Walls:  Kinetics 
of  ML-endopeptidase  digestion  of  the  two  wall  preparations  were  deter¬ 
mined.  Five  mg  of  each  wall  preparation  were  digested  with  the  ML-endo- 
peptidase  under  standard  specified  conditions.  The  final  volume  of 
digestion  mixtures  xv^as  2.0  ml.  Reduction  in  turbidity  of  the  digests 
with  time  was  measured  at  550  nrn.  One-hundred  percent  clarification  was 
defined  as  the  terminal  turbidity  of  the  reaction  mixture  which  exhibited 
the  greatest  degree  of  clarification.  Terminal  optical  densities  of  the 
digests  x^^ere  0.468  and  0.353  for  TCS-  and  basal-grown  cell  wall  digests 
respectively.  Relative  %  clarification  as  a  function  of  time  is  present¬ 
ed  in  Figure  19. 

Streptomyces  ML-endopeptidase  digests  of  basal-grown  cell  walls 
were  100%  clarified  in  45  to  50  hours.  TCS-grown  cell  walls  achieved 
only  82%  clarification  relative  to  the  basal-grown  cell  walls,  and 
digestion  was  complete  after  60  hours.  A  suspension  of  M.  lysodeikticus 
prepared  under  identical  conditions  was  100%  clarified  by  22  hours . 

Estimation  of  N^— (D-alanyl) -L-lysine  linkages  in  purified  basal 
and  TCS-grown  cell  wall  preparations  was  performed  by  assaying  free 
C-terminal  alanine  groups  released  by  ML-endopeptidase.  A  digestion 
mixture  containing  2.5  mg  per  ml  cell  walls  was  prepared  and  digested  at 
37°C  for  72  hours  under  previously  specified  conditions.  Duplicate  500 
yl  aliquots  were  xvithdrax^n  and  assayed  for  their  content  of  C-terminal 

Separate  digests  containing  2.5  mg  per  ml  cell  walls 


alanine  groups. 


Time  (Hrs) 


Relative  %  Claritiction 
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FIGURE  19 

KINETICS  OF  STREPTOMYCES  ML-ENDOPEPTIDASE  DIGESTION 
OF  M.  SODONENSIS  CELL  WALLS 


Five  mg  of  each  wall  preparation  were  digested  with  the 
Streptomyces  ML-endopeptidase  under  standard  specified  conditions. 
The  final  volume  of  each  digest  was  2.0  ml.  Reduction  in  turbidity 
of  the  digests  with  time  was  measured  at  550  nm. 

O - O  Relative  %  clarification  of  TCS-grown  cell  wall 

digests 

O - O  Relative  %  clarification  of  basal-grown  cell  wall 
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were  prepared  and  digested  for  24  hours  with  lysozyme  under  standard 
conditions.  Five-hundred  yl  portions  of  such  digests  were  analyzed  for 
their  content  of  free  C-terminal  alanine  groups.  Data  are  presented  in 
Table  XVI. 

N  -(D-alanyl)-L-lysine  linkages  occur  in  both  cell  walls  albeit 
they  are  relatively  few  in  number.  TCS-grown  cell  walls  contain  41  such 
linkages  per  mg  while  basal-grown  cell  walls  contain  only  34  per  mg  cell 
wall.  The  presence  of  N^- (D-alanyl)-L-lysine  bonds  validates  the  hypo¬ 
thesis  that  the  "head-to-tail"  assembly  of  peptide  subunits  to  form 
cross-bridges  found  in  M.  lysodeikticus  cell  walls  is  also  present  in 
M.  sodonensis  cell  walls. 

4.  Sequential  Enzymic  Degradation  of  Cell  Walls:  Peptide  cross¬ 
bridge  fragments  were  obtained  by  sequential  digestion  of  100  mg  of  each 
cell  wall  preparation  with  ML-endopeptidase  for  60  hours,  lysozyme  for 
36  hours,  and  finally  N-acetylmuramic  acid-L-alanine  amidase  for  24  hours. 
The  previously  specified  conditions  of  digestion  were  employed  at  each 
stage.  Digests  were  concentrated  to  a  volume  of  5.0  ml  and  fractionated 
by  gel  filtration  on  the  linked  Sephadex  G~50,  G-25  system.  Effluent 
fractions  were  assayed  for  their  content  of  free  amino  groups.  Elution 
profiles  of  TCS-  and  basal-grown  cell  walls  so  digested  are  presented  in 
Figures  20  and  21  respectively. 

Amino  groups  of  TCS-grown  cell  walls  fractionated  into  four  main 
peaks  having  values  of  0.045  (Peak  1),  0.34  (Peak  2),  0.605  (Peak  3), 
and  0.75  (Peak  4).  The  elution  profile  of  basal-grown  cell  walls  sub¬ 
jected  to  this  sequential  digestion  was  similar.  Free  amino  groups 
fractionated  into  three  peaks  having  values  of  0  (excluded) (Peak  1) , 
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TABLE  XVI 

ESTIMATION  OF  N^- (D-ALANYL) -L-LYSINE  LINKAGES* 
IN  M.  SODONENSIS  CELL  WALLS 


TCS-Gro\m 
Cell  Walls 

Basal-Grown 
Cell  Walls 

Total  C-terminal  alanine  in 
ML-endopeptidase  digests  (A) 

129 

64 

C-terminal  alanine  in  intact 
cell  walls  (B) 

88 

30 

Total  N^-(D-alanyl)-L-lysine 
linkages  (A  -  B) 

41 

34 

*  Data  are  expressed  as  nmoles  per  mg  cell  wall. 
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FIGURE  20 

FRACTIONATION  OF  PEPTIDE  FRAGMENTS  OF  SEQUENTIALLY 
DIGESTED  TCS-GROWN  M.  SODONENSIS  CELL  WALLS 

One-hundred  mg  of  TCS-grown  cell  walls  were  sequentially 
digested  with  Streptomyces  ML-endopeptidase  for  60  hr,  lysozyme  for 
36  hr,  and  Streptomyces  N-acetylmuramic  acid-L-alanine  amidase  for 
24  hr.  Standard  specified  conditions  for  digestion  were  employed  at 
each  successive  stage.  The  digest  was  concentrated  to  a  volume  of 
5.0  ml  and  applied  to  the  Sephadex  G-50 ,  G-25  system  eluted  with 
0.1  M  LiCl.  Five  ml  fractions  were  collected  and  0.1  ml  portions  of 
each  assayed  for  free  amino  groups  relative  to  an  L-alanine  standard. 
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figure  21 

FRACTIONATION  OF  PEPTIDE  FRAGMENTS  OF  SEQUENTIALLY 
DIGESTED  BASAL-GROl^[N  M.  SODONENSIS  CELL  WALLS 

One-hundred  mg  of  basal-grown  cell  walls  were  sequentially 
digested  with  Streptomyces  ML-endopeptidase  for  60  hr,  lysozyme  for 
36  hr,  and  Streptomyces  N-acetylmuramic  acid-L-alanine  amidase  for 
24  hr.  Standard  specified  conditions  for  digestion  were  employed  at 
each  successive  stage.  The  digest  was  concentrated  to  a  volume  of 
5.0  ml  and  applied  to  the  Sephadex  G-50,  G-25  system  eluted  with 
0.1  M  LiCl.  Five  ml  fractions  were  collected  and  0 . 1  ml  portions  of 
each  assayed  for  free  amino  groups  relative  to  an  L-alanine  standard. 
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0.34  (Peak  2),  and  0.75  (Peak  3).  Material  having  a  value  of  0.75 
in  this  chromatographic  system  has  been  previously  characterized  as  the 
peptide  subunit  of  M.  sodonensis  cell  walls. 

The  fractions  containing  each  of  the  peaks  were  pooled,  concen¬ 
trated,  and  desalted  on  Bio-gel  P-2  columns  (2.5  x  45  cm)  eluted  with 
distilled  water.  Desalted  materials  were  evaporated  to  dryness  and 
resuspended  in  10.0  ml  of  0.01  M  veronal-HCl  buffer,  pH  9.0,  containing 
10  M  EDTA.  Triplicate  20  yl  aliquots  were  removed  from  each  sample 
and  assayed  for  total  alanine  content.  In  addition,  triplicate  200  yl 
aliquots  were  removed  from  each  preparation  and  analyzed  for  free  N-term- 
inal  alanine  groups.  These  data  are  presented  in  Tables  XVII  and  XVIII, 
for  TCS-  and  basal-grown  cell  wall  preparations  respectively.  Mean  chain 
length  of  each  peptide  preparation  was  determined  by  dividing  the  L-ala- 
nine  content  of  each  fraction  (i.e.,  one-half  of  the  total  alanine 
content)  by  the  total  number  of  free  N-terminal  alanine  groups. 

Table  XVII  indicates  that  approximately  20%  of,  the  TCS-gro\m  cell 
wall  peptides  are  released  as  monomeric  units.  This  material  represents 
peptide  subunits  which  were  covalently  bound  to  N-acetylmuramic  acid  in 
the  intact  cell  wall.  These  observations  are  consistent  with  conclusions 
drawn  from  previous  studies  with  cell  wall  amidase  digests.  Summation  of 
the  muramic  acid— linked  N— terminal  alanine  in  the  lysozyme- soluble  and 
—insoluble  portions  reveal  that  23.3%  of  the  total  alanine  of  the  cell 
wall  is  involved  in  covalent  linkage  with  the  glycan. 

Table  XVIII  indicates  that  the  length  and  distribution  of  peptide 
bridges  differs  significantly  from  those  encountered  in  TCS-grown  cell 
walls.  Again,  production  of  12%  of  the  total  cell  wall  peptide  subunits 
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TABLE  XVII 


ANALYSIS  OF  PEPTIDE  FRAGMENTS  OF  SEQUENTIALLY  DIGESTED 

rk 

TCS-GROWN  M.  SODONENSIS  CELL  WALLS 


Material 

Total  L-alanine 

%  of  total 

N-terminal 

alanine 

Fragment 

length 

Peak  1 

533 

39.5 

68 

8 

Peak  2 

335 

24.8 

83 

4 

Peak  3 

.  201 

14.9 

97 

2 

Peak  4 

270 

20.0 

265 

1 

*  Data  are  expressed  as  nmoles  per  ml  of  each  peptide  preparation. 
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TABLE  XVIII 

ANALYSIS  OF  PEPTIDE  FRAGMENTS  OF  SEQUENTIALLY  DIGESTED 
BASAL-GROWN  M.  SODONENSIS  GELL  WALLS* 


Material 

Total  L-alanine 

%  of  total 

N-terminal 

alanine 

Fragment 

length 

Peak  1 

954 

72 

53 

18 

Peak  2 

212 

16 

53 

4 

Peak  3 

159 

12 

156 

1 

*  Data  are  expressed  as  nmoles  per  ml  of  each  peptide  preparation. 
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as  monomeric  units  is  consistent  with  previous  results  obtained  by  the 
study  of  muramic  acid-linked  N-terminal  alanine  in  amidase  digests  of 
the  lysozyme-soluble  and  -insoluble  portions  of  basal-grown  cell  walls. 

Most  of  the  material  released  by  this  sequence  of  digestions  was  excluded 
from  the  linked  Sephadex  G-50,G-25  system  and  had  a  mean  chain  length  of 
18  subunit  peptides.  While  16%  of  the  material  was  released  as  tetramer, 
(Peak  2)  indicating  that  some  cross-bridges  were  three  peptide  subunits 
in  length,  no  peptide  dimers  were  present.  Foregoing  assertions  that 
the  peptidoglycan  matrix  of  basal-grown  cell  walls  is  less  organized  in 
the  degree  of  peptide  substitution  of  the  glycan  and  nature  of  peptide 
cross-bridging  are  further  supported  by  these  data. 

All  peptide  fractions  so  analyzed  were  then  digested  with  the 
Myxobacter  AL-1  Protease  at  37 ®C  for  24  hours  under  previously  specified 
conditions.  Such  digests  were  then  concentrated  to  a  volume  of  5.0  ml 
and  applied  to  the  linked  Sephadex  G-50,G-25  system.  Effluent  fractions 
were  examined  for  their  content  of  free  amino  groups.  ,  Peaks  2  and  3  of 
the  TCS-grov7n  cell  walls  (tetramer  and  dimer,  respectively),  and  Peak  2 
of  the  basal-grown  cell  walls  (tetramer),  when  digested  with  Myxobacter 
AL-1  Protease  and  so  fractionated,  produced  single  peaks  having  Kav 
values  of  0.75.  These  materials  had,  therefore,  been  converted  to  the 

peptide  monomer. 

Peak  1  of  the  TCS-grown  cell  walls,  when  digested  with  the 
Myxobacter  AL-1  Protease  formed  some  monomer  peptides  but  much  material 
remained  having  a  K^v  value  of  0.045.  Likewise,  Peak  1  of  the  basal- 
grown  cell  walls  released  peptide  monomer  upon  digestion  with  the  protease, 
but  much  of  the  material  was  still  undegraded.  Elution  profile^,  of  Peak  1 
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FIGURE  22 


FRACTIONATION  OF  HIGH  MOLECULAR  WEIGHT  PEPTIDE  FRAGMENTS 
OF  M.  SODONENSIS  CELL  WALLS  DIGESTED  WITH  MYXOBACTER  AL-I  PROTEASE 


High  molecular  weight  peptide  fragments  obtained  by  sequential 
Streptomyces  ML-endopeptidase ,  lysozyme,  and  Streptomyces  N-acetylmuramic 
acid-L-alanine  amidase  digestion  of  TCS-grown  cell  walls  (Peak  1,  “ 

0,045)  and  basal-grown  cell  walls  (Peak  1,  K^y  =  0),  were  digested  with 
Myxobacter  AL-1  Protease  under  standard  specified  conditions.  Digests  were 
applied  to  the  linked  Sephadex  G-50,  G-25  system  eluted  with  0.1  M  LiCl. 
Five  ml  fractions  were  collected  and  0.1  ml  portions  of  each  assayed  for 
free  amino  groups  relative  to  an  L-alanine  standard. 

. .  TCS-grown  cell  wall  peptide  fragments 

Basal-grown  cell  wall  peptide  fragments 
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from  the  two  cell  wall  preparations  are  presented  in  Figure  22.  These 
findings  suggest  that  undiscovered  bonds  insensitive  to  any  enz3niiic 
hydrolysis  attempted  are  present  in  sufficient  quantity  to  mainta3.n 
complex  peptide  structures. 

C .  0-acetylation  of  Cell  Walls  and  Lysozyme-sensitivity 

1.  Establishment  of  0-acetylation  of ‘Cell  Walls;  Cell  wall  0-acety¬ 
lation  was  established  by  hydrolyzing  cell  wall  preparations  in  alkali 
(Brumfitt,  1959),  and  analyzing  the  soluble  portions  of  such  mixtures 
for  acetate.  Fifty  mg  of  each  cell  wall  preparation  were  incubated  in 
0.01  N  NaOH  at  room  temperature  for  48  hours.  Insoluble  material  was 
sedimented  by  centrifugation  at  30,000  x  g  for  20  minutes  and  the  super¬ 
natant  fraction  removed.  This  fraction  was  shown  to  contain  no  amino 
acids,  neutral  sugars,  or  hexosamines .  Following  passage  of  this  material 
through  Dowex-50W-X4  to  remove  sodium  ions,  effluent  portions  were 

extracted  three  times  with  diethyl  ether  and  analyzed  for  acetate  content 
by  gas-liquid  chromatography  as  described  in  Methods. 

Figure  23  shows  the  elution  profile  of  the  soluble  material  of 
alkali-digested  cell  walls.  Two  components  were  detected,  one  corres¬ 
ponding  to  acetic  acid,  and  the  other  to  acetic  anhydride.  This 
resolution  of  acetate  into  two  species  on  gas-chromatographic  analysis 
was  likely  a  result  of  dehydration  of  the  molecule  and  spontaneous  bi- 
molecular  esterification  to  form  its  anhydride  during  ether  extraction. 
Johnson  (personal  communication,  1970)  has  observed  that  a-hydroxy- 
glutaric  acid  forms  its  lactide  and  lactone  derivatives  during  ether 
extraction.  These  findings,  coupled  with  the  fact  that  the  presence  of 
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FIGURE  23 

GAS-LIQUID  CHROMATOGRAPHY  ANALYSIS  OF  DEACETYLATION  PRODUCTS 

OF  M.  SODONENSIS  CELL  WALLS 


The  soluble  material  of  50  mg  of  cell  walls  which  had  been 
incubated  in  0.01  M  NaOH  for  48  hr  at  room  temperature  was  passed  through 
Dowex-50  (H'*’)  to  remove  sodium  ions,  concentrated  to  a  final  volume  of 
0.5  ml,  and  extracted  three  times  with  diethyl  ether.  Ether  extracts 
were  chromatographed  on  15%  FFAP  on  60/80  Chromosorb  W  as  described  in 
Materials  and  Methods. 
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cell  wall  esters  is  demonstrable  by  the  Hestrin  technique  confirm  the 
presence  of  0-acetyl  substituents  in  M.  sodonensis  cell  walls. 

2.  Kinetics  of  Deacetylation:  The  kinetics  of  cell  wall  deacety¬ 
lation  and  deacetylation  of  the  lysozyme-insoluble  portions  of  TCS-  and 
basal-grown  cell  Vi/alls  were  measured.  A  suspension  of  cell  walls  or  the 
lysozyme-insoluble  portions  thereof,  containing  2 . 5  mg  per  ml  was  pre¬ 
pared  in  0.01  N  NaOH  and  incubated  at  room  temperature.  At  intervals, 

200  yl  aliquots  were  withdrawn  for  ester  assay.  Percentage  of  total 
esters  released  as  a  function  of  time  is  presented  in  Figures  24  and  25. 

In  both  cases,  deacetylation  of  cell  walls  occurred,  although  to 
a  much  lesser  extent  in  whole  walls  than  in  their  lysozyme-insoluble 
portions.  A  surprising  and  inexplicable  observation  was  that  while  the 
lysozyme-insoluble  portions  of  walls  were  completely  deacetylated ,  whole 
cell  walls  were  not.  Basal-grown  cell  walls  were  deacetylated  to  about 
half  the  extent  of  TCS-grown  cell  walls. 

To  ascertain  .if  disappearance  of  Hestrin-positive  material  might 
be  caused  by  "de-N-acetylation"  of  constituent  amino  sugars,  solutions 
of  N— acetylmuramic  acid  and  N— acetylglucosamine  were  subjected  to  48  hr 
incubation  in  0.01  N  NaOH  at  room  temperature  and  estimated  by  the  Morgan- 
Elson  technique  without  chemical  re— acetylation .  No  loss  of  material  was 
observed.  Since  both  of  these  N-acetylated  hexosamines  failed  to  react 
in  the  Hestrin  assay,  it  was  concluded  that  alkali-digestion  hydrolyzed 
only  the  weak  alkali-labile  0-acetyl  linkages  and  that  disappearance  of 

esters  was  a  result  of  ce].l  wall  deacetylation. 

3.  Effect of  Cell  Wall  O-acetylat ion  on  Lysozyme-sensitivity:  The 
effect  of  cell  wall  0-acetylation  on  lysozyme-sensitivity  was  investigated 
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FIGURE  24 


KINETICS  OF  DEACETYLATION  OF  M.  SODONENSIS  CELL  WALLS 


A  2.5  mg  per  ml  suspension  of  cell  walls  in  0.01  M 
NaOH  was  incubated  at  room  temperature.  At  intervals,  0.2  ml 
aliquots  were  removed  and  assayed  for  their  content  of  esters 
relative  to  an  ethylacetate  standard. 
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FIGURE  25 

KINETICS  OF  DEACEITLATION  OF  THE  LYSOZYME-INSOLUBLE  PORTION 

OF  M.  SODONENSIS  CELL  WALLS 

A  2.5  mg  per  ml  suspension  of  the  lysozyme-insoluble  portion 
of  cell  walls  in  0.01  M  NaOH  was  incubated  at  room  temperature.  At 
intervals,  0.2  ml  aliquots  were  withdrawn  and  analyzed  for  their  content 
of  esters  relative  to  an  ethylacetate  standard. 
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in  whole  deacetylated  cell  walls  and  preparations  of  the  deacetylated 
lysozyme-insoluble  portion  of  cell  walls.  Kinetics  of  lysozyme  digestion 
of  these  deacetylated  preparations  were  established  in  the  same  manner 
as  previously  described  for  native  cell  walls. 

Comparison  of  the  lysozyme-mediated  release  of  reducing  groups 
in  native  and  deacetylated  cell  walls  is  presented  in  Figure  26.  Deacet¬ 
ylated  cell  wall  preparations  were  considerably  more  sensitive  to  lysozyme 
than  native  cell  walls.  Such  walls  released  61  and  67  nmoles  per  mg  more 
reducing  groups  than  native  basal-  and  TCS-grown  cell  walls  respectively. 
Thus,  deacetylation  of  the  walls  made  approximately  an  additional  65 
glycosidic  linkages  per  mg  cell  wall  sensitive  to  the  action  of  lysozyme. 

Figure  27  shows  that  deacetylation  of  the  lysozyme-insoluble 
portion  of  cell  walls  conferred  upon  it  a  degree  of  lysozyme  susceptibility. 
The  deacetylated  lysozyme-insoluble  portion  of  basal-gro;ra  cell  walls, 
which  is  known  to  be  less  complex  with  respect  to  its  glycan  substitution 
and  peptide  cross-bridging  pattern,  was  more  susceptible  to  the  enzyme 
than  the  corresponding  TCS-grown  cell  wall  fraction.  Nonetheless,  these 
data  support  the  hypothesis  that  0-acetylation  plays  a  key  but  not  the 
only  role  in  lysozyme-sensitivity  of  M.  sodonensis  cell  walls. 

4 ,  Distribution  of  Lysozyme— soluble  and  —Insoluble  Components  In 

Deacetylated  Cell  Walls:  Thirty-six  hour  lysozyme  digests  of 
deacetylated  preparations  were  centrifuged  to  yield  their  respective 
lysozyme— soluble  and  —insoluble  portions.  Appropriate  samples  of  such 
materials  were  assayed  for  their  content  of  esters,  glucose,  and  hexos 
amines  as  has  been  previously  described.  Data  are  presented  in  Table 
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FIGURE  26 


COMPARISON  OF  THE  RESPONSE  OF  NATIVE  AND  DEACETYLATED 
M,  SODONENSIS  CELL  WALLS  TO  LYSOZYME  DIGESTION 


Five  mg  of  each  wall  preparation  were  digested  with  lysozyme 
under  standard  specified  conditions.  The  final  volume  of  each  digest 
was  2.0  ml.  At  various  times,  50  yl  aliquots  were  removed,  centrifuged 
to  sediment  insoluble  material,  and  20  yl  of  the  supernatant  fractions 
assayed  for  their  content  of  reducing  groups. 
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FIGURE  27 

RESPONSE  OF  THE  DEACETYLATED  LYSOZYME-INSOLUBLE  PORTIONS 
OF  M.  SODONENSIS  CELL  WALLS  TO  LYSOZYME  DIGESTION 

Five  mg  of  each  deacetylated  lysozyme-insoluble  portion  of 
cell  walls  were  digested  with  lysozyme  under  standard  specified  con¬ 
ditions,  The  final  volume  of  each  digest  was  2.0  ml.  At  intervals, 

50  pi  aliquots  were  withdrawn,  centrifuged  to  sediment  insoluble 
material,  and  20  yl  of  the  supernatant  fractions  assayed  for  their  con¬ 
tent  of  reducing  groups. 

e - O  Reducing  groups  liberated  in  the  lysozyme- 

insoluble  portion  of  TCS-grown  cell  walls 

O - O  Reducing  groups  liberated  in  the  lysozyme- 

insoluble  portion  of  basal-grov^m  cell  walls 
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On  the  basis  of  hexosamine  content,  deacetylated  cell  walls  were 
76%  and  92%  solubilized  in  the  TCS-  and  basal-grown  preparations  respect¬ 
ively.  Thus,  deacetylation  of  cell  walls  results  in  an  increase  of  28% 
in  lysozyme-mediated  solubilization  in  TCS-grown  preparations  and  of  17% 
in  basal-grown  preparations.  Residual  esters  were  found  primarily  in  the 
lysozyme-insoluble  portions  of  deacetylated  cell  walls.  The  lysozyme- 
soluble  portion  of  deacetylated  TCS-growif  cell  walls  were  exactly  twice 
as  highly  esterified  as  the  same  fraction  of  basal-grown  cell  walls  on 
the  basis  of  the  esters rhexosamines  ratio.  However,  the  situation  was 
reversed  in  the  lysozyme-insoluble  portions  of  the  deacetylated  cell 
walls.  In  the  lysozyme-insoluble  portion  of  TCS-grown  cell  walls  the 
ester : hexosamines  ratio  was  0.85  while  in  the  analogous  portion  of  basal- 
grown  cell  x^7alls  it  was  1.72.  Since  both  of  these  ratios  are  greater 
than  0^5,  one  can  conclude  that  acetylation  may  occur  on  both  N-acetyl- 
muramic  acid  and  N-acetylglucosamine . 

Distribution  of  hexosamines  in  the  lysozyme-soluble  and  -insoluble 
portions  of  the  deacetylated  lysozyme-insoluble  portions  of  cell  walls 
was  also  established.  On  the  basis  of  hexosamine  content,  lysozyme 
solubilized  73%  and  97.5%  of  the  deacetylated  TCS-  and  basal-grown 
preparations  respectively.  Significantly,  complete  deacetylation  did  not 
render  the  lysozyme— insoluble  portions  of  cell  walls  wholly  sensitive  to 
this  enzyme. 

D.  Involvement  of  Peptide  Substitution  with  Lysozyme-sensitj^j^y :  The 
involvement  of  peptide  substitution  of  the  glycan  with  lysozyme- 
sensitivity  was  investigated  in  deacetylated  cell  walls  and  the  deacet¬ 
ylated  lysozyme-insoluble  portion  of  cell  walls.  Two  types  of  digestions 
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TABLE  XIX 

DISTRIBUTION  OF  COMPONENTS  IN  DEACETYLATED  LYSOZYME-DIGESTED 

M.  SODONENSIS  CELL  WALL  MATERIAL* 


Deacetylated  Material 

Whole  Cell 
Walls 

*  Lysozyme- 
soluble  portion 

Lysozyme- 

insoluble-portion 

A.  TCS-grown  cell  walls 

Hexosamines 

560 

426 

138 

Esters 

210 

96 

120 

Glucose 

350 

190 

157 

Esters : Hexosamines 

0.38 

0.23 

0.85 

B.  Basal-grown  cell  walls 

Hexosamines 

1,070 

984 

86 

Esters 

260 

110 

148 

Glucose 

584 

445 

145 

Ester s :Hexosamines 

0.24 

0.11 

1.72 

C.  Lysozyme-insoluble 

portion  of  TGS-  walls 

Hexosamines 

391 

285 

105 

D.  Lysozyme-insoluble 

portion  of  basal  walls 

446 

436 

10 

*  Data  are  expressed  as  nmoles  per  mg  cell  wall  material. 
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were  performed.  In  one  case,  the  deacetylated  cell  wall  materials  were 
digested  first  with  the  Myxobac ter  AL-1  Protease,  and  then  with  lysozyme. 
In  the  other  case,  the  deacetylated  cell  wall  materials  were  digested 
with  lysozyme  alone.  Standard  specified  conditions  were  employed  for 
these  digestions.  The  number  of  glycosidic  bonds  cleaved  by  lysozyme 
was  estimated  as  nmoles  reducing  groups  liberated  per  mg  of  cell  wall. 

The  results  are  presented  in  Table  XX. 

In  every  case,  pre-treatment  of  the  wall  material  by  Myxobacter 
AL-1  Protease,  which  specifically  hydrolyzes  off  peptide  substituents 
but  leaves  the  glycan  backbone  intact,  permitted  enhanced  lysozyme 
activity.  This  suggests  that  peptide  substitution,  in  some  manner,  pre¬ 
vents  complete  lysozyme  digestion  of  M.  sodonensis  cell  walls.  Owing  to 
the  dependence  of  lysozyme  activity  upon  stereochemical  factors,  config¬ 
uration  of  peptide  cross-bridges  of  the  peptidoglycan  likely  plays  a 
role  in  the  observed  effect. 

•  V.  Immunological  Studies 

Production  and  purification  of  the  immune  globulin  fractions  of 
whole  rabbit  anti-pre-trypsin  cell  wall,  anti-pure  cell  wall,  and  anti¬ 
nuclease  sera  have  been  described  in  Methods. 

A.  Tube  Precipitation  Tests:  Tube  precipitation  tests  were  performed 
using  two  antigens t  1.  the  lysozyme— soluble  portion  of  pre— trypsin  cell 
walls,  and  2.  the  lysozyme-soluble  portion  of  pure  cell  walls. 

Both  of  these  preparations  were  obtained  from  basal-grown  cell  walls. 

Into  each  of  a  series  of  Durham  tubes  were  placed  100  yl  of  soluble  anti- 
gen  containing  approximately  100  pg  of  cell  wall  material.  To  each  tube 
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TABLE  XX 

RESPONSE  OF  DEACETYLATED  M.  SODONENSIS  CELL  WALL  MATERIAL 
TO  SEQUENTIAL  MYXOBACTER  AL-1  PROTEASE  AND  LYSOZYME  DIGESTION* 


Deacetylated  Material 

Reducing  Groups 
Digestion  1 

Liberated  by 
Digestion  2 

A 

A. 

TCS-gro\sm  cell  walls 

110 

142 

32 

B. 

Basal-grown  cell  walls 

134 

170 

36 

C. 

Lysozyme-insoluble  portion 
of  TCS-grown  cell  walls 

68 

140 

72 

D. 

Lysozyme-insoluble  portion 
basal-grown  cell  walls 

of 

130 

152 

22 

Digestion  1-  Digestion  of  the  cell  wall  material  with  lysozyme  alone. 
Digestion  2-  Digestion  of  the  cell  wall  material  with  Myxobacter 
AL-1  Protease  followed  by  lysozyme  digestion. 

*  Data  are  expressed  as  nmoles  per  mg  cell  wall  material. 
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was  added  100  yl  of  doubling  dilutions  of  the  immune  globulin  fraction  of 
ant i-pre- trypsin  cell  wall  serum  in  buffered  saline.  Tubes  were  sealed, 
incubated  one  hour  at  37°C,  refrigerated  overnight,  and  examined  for 
precipitation.  The  titre  of  the  immune  globulin  was  the  highest  dilution 
causing  visible  precipitation.  Use  of  either  antigen  resulted  in  a  titre 
of  512  for  the  immune  globulin  fraction  of  anti-pre-trypsin  cell  wa]  1 
serum.  Therefore,  cell  wall  protein  is  not  involved  in  cell  wall 
antigenicity  since  the  titres  remained  constant  independent  of  trypsin- 
treatment  of  the  antigen. 

The  experiment  was  repeated  using  instead  the  immune  globulin 
fraction  of  anti-pure  cell  wall  serum  and  the  same  two  antigens.  In  this 
instance,  the  observed  titre  was  512  for  both  antigens  indicating  that, 
indeed,  cell  wall  protein  does  not  contribute  to  the  reaction. 

B.  Slide  Agglutination  Tests:  The  following  antigens  were  employed: 

1.  whole  basal-gro\^m  pure  cell  walls,  and 

2.  the  lysozyme-insoluble  portion  of  basal-grown  cell  walls. 

The  following  antibodies  were  reacted  with  the  above  antigens: 

1.  the  immune  globulin  fraction  of  anti-pre-trypsin  cell  wall  serum, 

2.  the  immune  globulin  fraction  of  anti-pure  cell  wall  globulin. 
Equal  50  yl  volumes  of  antigens  containing  approximately  100  yg  of  cell 
wall  material  and  the  immune  globulin  fractions  were  mixed  on  a  glass 
slide  and  examined  microscopically  for  agglutination.  The  titre  of  the 
immune  globulin  was  the  highest  dilution  causing  visible  agglutination  of 
the  antigen.  Results  are  presented  in  Table  XXI. 

These  results  indicate,  as  demonstrated  previously,  that  cell 
wall  protein  does  not  participate  in  the  reaction  since  the  observed 
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TABLE  XXI 

REACTIONS  BETWEEN  IMMUNE  GLOBULIN  FRACTIONS  OF  ANTI-CELL  WALL 
SERA  AND  CELL  WALL  MATERIAL  OF  M.  SODONENSIS 


Antigen 


Titre  of  the  immune  globulin  fraction  of 

Anti-pre-trypsin  Anti-pure  cell 
cell  wall  serum  vjall  serum 


Pure  cell  walls  256  256 

Lysozyme-insoluble  portion 
of  cell  walls 
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titres  are  the  same  for  both  trypsin-treated  and  -untreated  cell  wall 
antigens.  There  was  no  significant  reaction  between  either  of  the 
antibody  preparations  tested  and  the  lysozyme-insoluble  portion  of  basal- 
grown  cell  walls.  Therefore,  lysozyme  removed  the  components  which  are 
the  primary  determinants  of  cell  wall  antigenicity. 

C.  Gel  Diffusion:  The  Oudin  method  of  single  gel  diffusion  was  employed 
to  demonstrate  cross-reactivity  between  cell  walls  and  the  immune  globulin 
fraction  of  rabbit  anti-nuclease  serum.  Pre-trypsin  and  pure  cell  walls 
digested  24  hours  with  Myxobacter  AL-1  Protease  under  standard  specified 
conditions  were  used  as  antigens.  Equal  300  yl  volumes  of  the  immune 
globulin  preparation  and  Noble  agar  were  mixed  at  50°C  and  added  to  tubes 
as  described  in  Methods.  Three-hundred  yl  of  each  soluble  antigen  con¬ 
taining  approximately  300  yg  of  cell  wall  material  were  layered  over  the 
solidified  agar.  Tubes  were  sealed,  incubated  at  37°C,  and  examined  at 
intervals  for  precipitation.  As  Figure  28  shows,  a  single  band  of  pre¬ 
cipitation  appeared  in  tubes  containing  both  pre-trypsin  and  pure  cell 
walls.  These  results  indicate  that  cell  walls  of  M.  sodonensis  and  its 
extracellular  nuclease  are  immunologically  related. 

VI.  Localization  of  Nuclease  Activity  on  the  Cell  Wall 

Investigations  conducted  in  this  laboratory  have  shown  a  small 
portion  of  the  extracellular  nuclease  activity  elaborated  by  M.  sodonensj^ 
to  be  covalently  bound  in  or  on  the  cell  wall  (Berry  et  al . ,  1970). 
Attempts  were  made  to  visualize  the  location  of  M.  sodonensis  nuclease 
with  techniques  employing  ferritin-labelled  antibodies.  The  preparation 
of  such  ferritin-conjugated  materials  has  been  previously  described. 
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FIGURE  28 

OUDIN  SINGLE  GEL  DIFFUSION  TEST  FOR  CROSS  REACTIVITY 
OF  NUCLEASE  AND  PURIFIED  CELL  WALL  OF  M.  SODONENSIS 

The  immune  globulin  fractions  of  rabbit  anti-nuclease  serum 
or  rabbit  control  serum  were  incorporated  into  the  agar  and  the  solid¬ 
ified  columns  overlaid  with  antigens  or  buffer.  Preparation  of  the 
antigens  is  given  in  the  text. 


Tube  1  -  the  immune  globulin  fraction  of  rabbit  anti-nuclease 
serum  +  buffered  saline 

Tube  2  -  the  immune  globulin  fraction  of  rabbit  control  serum 
+  pre-trypsin  cell  walls 

Tube  3  -  the  immune  globulin  fraction  of  rabbit  control  serum 
+  buffered  saline 

Tube  4  —  the  immune  globulin  fraction  of  rabbit  anti— nuclease 
serum  +  pure  cell  walls 

Tube  5  -  the  immune  globulin  fraction  of  rabbit  anti-nuclease 
serum  +  pre-trypsin  cell  walls 

_ >  Diffusion  Gel-Soluble  antigen  interface 
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In  one  series  of  experiments,  the  ferritin-conjugated  immune  globulin 
fraction  of  rabbit  anti-nuclease  serum  was  reacted  against  thin  sections 
of  whole  cells  or  cell  wall  preparations.  In  another  series  of  experi¬ 
ments,  absorption  of  the  immune  globulin  fraction  of  rabbit  anti-nuclease 
•serum  to  thin-sections  of  whole  cell  walls  or  cell  wall  preparations 
was  followed  by  treatment  with  ferritin-conjugated  horse  anti-rabbit 
serum.  A  combination  of  non-specific  binding  of  the  labelled  antibody 
to  the  cell  wall  plus  the  already  established  low  levels  of  nuclease 
present  in  walls  rendered  the  results  inconclusive. 

A  histochemical  technique  utilizing  the  deposition  of  lead  that 
was  successful  in  locating  the  5 ’ -nucleotidase  of  coli  was  modified 
for  use  in  the  M.  sodonensis  system  (Nisonson  ajL.  ,  1969).  Fifty  ml  of 
an  18  hour  basal-grown  culture  of  M.  sodonensis  was  washed  three  times 
in  0.01  M  Tris-HCl  buffer,  pH  8.8,  and  resuspended  in  a  volume  of  3.0  ml 
of  the  same  buffer.  One  ml  of  this  washed  cell  suspension  was  added  to 
one  ml  of  a  solution  containing  33  ymoles  Tris,  13  ymoles  MgCl2>  20 
ymoles  5 ’-AMP,  1.7  ymoles  CaCl^,  1.7  ymoles  MnCl^,  10  ymoles  mercapto- 
ethanol,  and  3  mmoles  of  lead  acetate.  Two  negative  controls,  one 
complete  except  for  5’— AMP,  and  the  other  complete  except  for  lead 
acetate,  were  also  prepared.  These  reaction  mixtures  were  incubated  at 
37®C  for  two  hours  and  the  reactions  terminated  by  the  addition  of  0.4  ml 
of  5%  glutaraldehyde.  Specimens  were  then  prepared  for  electron  micro¬ 
scopic  analysis  as  described  in  Methods. 

As  shown  in  Plate  IV,  hydrolysis  of  5 '-AMP,  as  evidenced  by  the 
precipitation  of  lead  phosphate,  is  limited  to  the  exterior  of  the  cell 
wall.  That  lead  precipitation  was  specific  for  5 '-nucleotidase  activity 
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PLATE  IV 

LOCALIZATION  OF  THE  NUCLEASE  ON  M.  SODONENSIS 

CELL  WALLS 

Nuclease  activity  was  detected  by  the  precipitation 
of  inorganic  phosphate  produced  by  enzymic  hydrolysis  of  5 ’-AMP  as 
lead  phosphate.  Details  of  the  reaction  mixtures  are  given  in  the 
text.  Procedures  for  fixation,  embedding,  and  thin-sectioning  are 
given  in  Materials  and  Methods. 

Magnification  =  64,800  x 
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was  evidenced  by  the  lack  of  cell  surface  lead  deposits  in  cells 
incubated  in  the  absence  of  the  nucleoside-5 ’ -monophosphate  substrate. 
Moreover,  since  no  deposition  of  lead  was  found  inside  the  cell, 


penetration  of  nucleotides  into  intact  cells  did  not  occur.  Thus, 

the  designation  of  the  nuclease  as  extracellular  is  not  entirely  correct 

since  a  portion  of  its  activity  is  associated  with  the  cell  wall. 
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DISCUSSION 

The  cell  wall  purification  employed  in  these  studies  resulted 
in  preparations  which  were  homogeneous  upon  examination  by  electron 
microscopy  and  chemical  analysis.  Although  terminal  preparations  con¬ 
tained  no  demonstrable  glycerol  or  fatty  acids,  a  minute  amount  of  phos¬ 
phate,  almost  below  the  levels  of  detection,  was  observed.  Lipid 
analysis  of  lutea ,  a  Gram-positive  coccus  closely  related  to 
M.  sodonensis ,  disclosed  that  phospholipids  constituted  10%  of  the  total 
lipids  (Huston  and  Albro,  1964)  and  1%  of  the  total  cell  weight  (Akashi 
and  Saito,  1960).  If  the  phospholipid  composition  of  M.  sodonensis  is 
similar,  the  observed  phosphate  content  of  0.09  pg  per  mg  cell  wall  is 
negligible.  Moreover,  this  value  is  sufficiently  low  to  exclude  the 
possibility  that  teichoic  acid  or  phosphodiester-linked  polysaccharides 

are  significant  cell  wall  constituents. 

M.  sodonensis  peptidoglycan  composition  was  typical  of  members 
of  the  Micrococcaceae .  Glutamic  acid,  glycine,  alanine,  and  lysine  are 
found  in  approximate  1:1:2:1  ratios  in  peptidoglycans  of  M.  lysodeikticus , 
M.  flavus,  and  M.  citreus  (Campbell  et  ^.  ,  1969).  Based  upon  glycine 
content,  TCS-grown  cell  walls  contain  respectively  523  peptide  subunits 
per  mg  and  basal-grown  cell  walls  contain  531  peptide  subunits  per  mg. 
These  data  place  M.  sodonensis  intermediate  between  M.  lysodeikticus  and 
M.  flavus  cell  walls  which  contain  respectively  480  and  610  peptide  sub¬ 
units  per  mg  cell  wall.  Further,  the  peptide  structure  deduced  by 
sequential  Edman  Degradation  of  the  isolated  peptide  monomer  was  found 


to  be  N“-[L-alanyl-Y-(a-D-glutamyl-glycine)-L-lysyl-D-alanine 
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the  Type  C  subunit  found  also  in  lutea ,  M.  f lavus ,  M.  lysodeikticus , 
and  M.  ci treus  cell  walls.  In  micrococci  possessing  the  Type  C  peptide 
subunit,  L— alanine  is  found  in  linkage  with  either  N-acetylmuramic  acid 
residues  or  in  the  D-alanyl—L— alanine  bonds  which  facilitate  peptide 
cross-bridging.  Moreover,  L-alanine  constitutes  one  half  of  the  total 
cell  wall  alanine  content.  This  assumption  was  made  in  the  estimation 
of  the  amount  of  muramic  acid-linked  L-alanine  (Table  XIV)  in 
M.  sodonensis  cell  walls. 

Values  obtained  for  hexosamine  content  were  found  to  vary  not 
only  between  cell  wall  preparations,  but  also  under  the  conditions  by 
which  they  were  obtained.  Incomplete  acid-mediated  release  of  hexosamine 
and  concomitant  destruction  of  free  amino  sugars  would  explain  the  lower 
values  obtained  for  intact  cell  walls.  One  would  expect  that  acid 
hydrolysis  would  be  more  complete  in  cell  walls  partially  solubilized  by 
lysozyme.  For  these  reasons,  the  hexosamine  content  determined  for 
cell  walls  treated  with  lysoz3nne  was  considered  more  representative  than 
values  obtained  from  intact  cell  walls.  Based  upon  glucosamine  content, 
TCS-  and  basal-grown  cell  walls  contained,  respectively,  278  and  540 
disaccharide  units  per  mg  cell  wall,  i.e.,  under  differing  conditions  of 
growth,  approximately  twice  as  many  disaccharide  units  exist  for  about 

the  same  number  of  peptide  subunits. 

On  cursory  examination,  it  would  appear  that  the  peptidoglycan 
of  the  basal-grotm  cell  walls,  containing  disaccharide  and  peptide  sub¬ 
units  in  an  approximate  1:1  ratio,  is  more  highly  ordered  than  the  TCS- 
grown  cell  wall  peptidoglycan.  However,  studies  with  the  Hyxobacter 
AL-1  Protease  revealed  that  in  TCS-grown  preparations,  40%  of  the 
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available  N-acetylmuramic  acid  residues  are  peptide  substituted  while 
only  13/i  of  these  residues  are  so  substituted  in  basal-grown  cell  walls. 
Thus,  it  is  likely  that  residual  peptide  subunits  not  in  covalent  linkage 
with  N-acetylmuramic  acid  are  involved  in  the  "head-to-tail"  assembly  of 
peptides  found  in  cross-bridges  of  M.  lysodeikticus  cell  walls  (Ghuysen 
al . ,  1968a) .  The  fact  that  virtually  no  N-terminal  alanine  groups  and 
over  90%  of  the  C-terminal  alanine  groups  in  intact  cell  walls  are 
unavailable  for  dinitrophenylation  or  hydrazinolysis  supports  this 
hypothesis . 

Sequential  digestions  of  the  lysozyme-soluble  and  -insoluble 
portions  of  both  cell  wall  preparations  with  the  Streptomyces  N-acetyl- 
muramic  acid-L-alanine  amidase  and  the  Myxobacter  AL-1  Protease  sub¬ 
stantiated  this  claim.  Amidase  digestion  of  these  portions  disclosed 
that  not  all  of  the  L-alanine  is  covalently  associated  with  N-acetyl- 
muramic  acid.  Myxobacter  AL-1  Protease  digestion  of  amidase-treated 
cell  wall  fractions,  however,  resulted  in  the  release  of  equimolar  amounts 
of  the  residual  N-  and  C-terminal  alanine.  This  served  not  only  as  a 
qualitative  indication  of  the  existence  of  the  suspected  D-alanyl- 
L-alanine  peptide  bond,  but  also  of  the  aforementioned  peptide  cross¬ 
bridging  structure.  Furthermore,  the  sum  of  N—  and  C-terminal  alanine 
groups  released  by  such  digestion,  and  the  amount  of  free  C— terminal 
alanine  groups  accounts  for  94.4%  and  93.6%  of  the  total  alanine  content 
of  TCS-  and  basal-grown  cell  walls  respectively. 

Analysis  of  the  amount  of  N-acetylmuramic  acid-linked  N-terminal 
alanine  in  whole  cell  walls  is  not  an  accurate  reflection  of  the 
situation  regarding  peptide  substitution  of  the  glycan  since  it  implies 


si IdW  ssjjblfisj  hiaA  Dl«fi^6iciI^3aoB~«I  sIcJAllairti 

•  Bil&i0  XXiJO  •b<s:fDTi‘t«ffti‘t  cJe  »7b  s^aifi  llo  *££  ^I/ro 

•Sfi'iiiliiti  fwlskvoo  Bj;  loft  al’lnadaB  sW:^Jq<Stq  tiiihlinrJ  iSutfl 

^  v. .  -  ,  ‘ 

Xo  "tXBPi-oS-beaif*  9fif  tfl’b^Idvol  siB'bloii  oXaiBitimXY^soB-vf  rfllw 

eXtfiV  i'lfto  iig3liil‘9bQaYl  '•]?  lo  •^gbii<f-»4aofia  nl  bmiol  asbliqsq^ 
bitB  9(fy9'3g  sntcist/i  lantmisl-VI  oc' ^1 1 aiJi *rtv  i&fll  ,r(&8d5I  t.Xft  39 

1  '■  I  ^ 

'  I  *« 

97*  aTlIew  Iloo  1 081  ft!  xfX  aquoi'j  siflnBla  iattlarrol-D  ^3  ’lo  XOP  70VO  ' 

i 

aJtifl  bnoq'q*/*  Bia^IsnJtsmibvif  70  ooXlsI^fJBfiqtnl'XftXb  tc^I  *t5dRlXsvsmf 

‘  .siasrfjoqvicl 

b(m  •ITrjL^toa-ilflrtzoaxi  -o  aaorjaa^Ib  XalloovpeS  ^ 

> 

-XyisVa-  y  Vfov;c/o^^yi8  <frl  aTJoUgiaqatg  l£»v  tXso  ff^o^  5p  «nolnioq 

*'  C*'  1 ' 

-«li3r.  I-Aa.  9d7  hnm  8»*iXflJsX8‘»j^bX3«  olaBitwi  ^'1 

^  *■’  '-X  /  \ 

b^iioroe'tfv  enoi'iToq  aasiSi  * jfroi  lab^^b  s^sHXtHA  ^aiieio  bIJi  if97aitdrtB7B 
'  HiXw  beifttooi^ffi  anrfla6lo*^J  sifi.  ’Jo  XI#' ion  iWi  J 

bbiB^ii^ngebljrtni  ^o  i?oi  laft^Xb  baaolOi^  I-IA  .  bioa^'oXiaiiiyiii  J 

sinAioma  ic/<?itrtjp9  lo  aaBsiai  srfa  *?t  bftiTiwBS^ ',7&v8Wof!  jaBoiloiil  IXfcw  XIso  J 

C 

«  8  a#  16h  bdv'jfitB  «XrfT  "^^snXoBls  I*nl*nt9l-D  bo*  IlBbiasi  o/li  lo  " 

N*  .  .•♦. 

-•  -X'^miljl*-fl«.b8ar)9q8fi(8  9/13  io  90093aXic»  sSrfl  Icr  fiolJtjt:^lb/tX- 8V'ii*3lX6t/p  ij 

-aaoio  atXiqoq  tjsnoijnsmoTal*’  arfl  lo  d«Xb  liM  ,bno<i  ufallqoq  9nXn*X4--J  '  '■ 

••  .IP,  ^  '■  . .  «  .■ 

^  ^  m  .  *  — J  >  •  -<  i  *  *  -  .  ^ 

anlnr.l*  Xiicrf/fltBl'^O  bn*  ■’•K  io  nu/a  srfl  ,9T0/nti9iflTul  *,=*7iilou7l*  ^nlgbXr# 

r  /  •j--'  ,  { 

'  XjwtliM*x^3-3  39il  lo'louom**  sdi  bn*  ,nai3898lb  rfooa  ,Y<1  te&tols?  *qoo7.g 

J^l 

j«93no»  sfjXnsX*  ttsck>3^9<l3  lb bn#  XA.^9  ToV'ifl^ftt/oiVj#  aquOig  i^ainalB  W 

‘  ^  jj^^l 

''  *^-  *  '  ■  '  ,Xiovl3o#qB9i  8rt«w  ttso  fwo^g- 1 o?f*d  bn#  -‘8DT  lo  W 

Xuiinnoi^l!  bs#?fo.M-b)tOfc  oliwiT^/itir^lBOa-H  lo  lrtuoio#  orfl  lo  uXaxXimA  ^ 

‘^Sl  O'li  lo  fiol  1091193  9lfcVns)-0B  r*b  Jail  f>i  aiXsip  IIoo  slodw  al  onloal*  ■ 

-  ^  II4J  iM 

"j  s^rXqVl  jt  naryflS  noli*  sbtlqsq  §filbis307  aol3*ull%  J 

‘  '  ,  J  ■  '  •  '/  If 

4  ■  I'i  ,  ' 


-134- 


that  the  peptidoglycan  is  uniform  throughout.  Whereas  there  was  excel¬ 
lent  agreement  between  the  total  amounts  of  muramic  acid-linked  N-term- 
inal  alanine  released  by  Myxobacter  AL-1  Protease  and  the  Strep tomyces 
amidase,  the  lysoz3rme-insoluble  portions  of  both  cell  walls  were  more 
highly  peptide  substituted  than  the  corresponding  lysozyme-soluble 
portions.  Moreover,  the  degree  of  peptide  substitution  was  greater  in 
both  the  lysozyme-soluble  and  -insoluble  portions  of  TCS-grown  cell  walls 
than  in  the  analogous  fractions  derived  from  basal-gro\>m  cell  walls. 

Three  conclusions  may  be  drawn  from  these  findings:  first,  that  some 
areas  of  the  peptidoglycan  of  intact  cell  walls  are  more  highly  organized 
than  others;  second,  that  the  peptidoglycan  of  basal-groim  cell  walls  is 
much  less  highly  ordered  than  that  of  TCS-grown  cell  walls;  and  third, 
that  subtle  changes  in  growth  conditions  have  a  profound  effect  on 
peptidoglycan  structure.  As  will  be  discussed  later,  these  factors  are 
implicated  in  the  increased  susceptibility  of  basal-gro;m  cell  walls  to 
lysozyme  activity. 

Comparison  of  the  amount  of  N— terminal  alanine  covalently  bound 
to  N— acetylmuramic  acid  and  the  total  L— alanine  content  gave  an  indica¬ 
tion  of  the  length  of  cross-bridges  in  different  fractions  of  cell  wall 
preparations.  In  the  lysozyme— soluble  and  —insoluble  portions  of  TCS- 
grown  cell  walls,  cross-bridges  were  calculated  to  be  2  to  4  peptide 
subunits  in  length.  While  the  lysozyme-insoluble  portion  of  basal-grown 
cell  walls  has  a  relatively  normal  cross-bridge  of  three  peptide  subunits 
length,  the  lysozyme-soluble  portion  is  highly  atypical  in  that  cross¬ 
bridges  are  a  calculated  length  of  18  to  19  subunits.  It  must  be 
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emphasized  that  these  values  permit  the  construction  of  models  which 
represent  an  average  and  probably  not  the  actual  situation. 

Sequential  digestion  of  whole  cell  walls  with  Streptomyces  ML- 
endopep tidase ,  N-acetylmuramic  acid— L— alanine  amidase,  egg  white  lyso— 
zyme ,  and  Myxobac ter  AL-1  Protease  clarified  the  nature  of  peptide  cross- 
bridging  to  a  large  extent.  Not  only  was  the  presence  of  the  two  link¬ 
ages  required  for  "head-to-tail"  assembly  of  peptides,  N^-(D-alanyl)-L- 
lysine  and  D-alanyl-L— alanine ,  unequivocally  established,  but  it  was 
also  possible  to  obtain  an  idea  of  the  size  and  distribution  of  such 
cross-bridges  (Tables  XVII  and  XVIII).  In  TCS-grown  cell  walls,  20%  of 
the  peptide  subunits  are  covalently  bound  to  the  glycan  backbone  while 
'the  remaining  80%  are  found  in  peptide  cross-bridges.  Of  the  total 
peptide  subunits,  15%  are  derived  from  cross-bridges  one  peptide  subunit 
in  length,  25%  from  cross-bridges  three  subunits  in  length,  and  40%  from 
cross-bridges  seven  subunits  in  length.  From  the  studies  of  the 
distribution  of  the  peptidoglycan  amino  acids  in  the  lysozyme-soluble 
and  insoluble  portions  of  cell  walls,  it  is  probable  that  most  of  the 
short  cross-bridges  occur  in  the  latter  portion  of  cell  walls.  There 
is,  however,  no  direct  experimentation  to  support  this  hypothesis. 

In  basal-grown  cell  walls,  only  12%  of  the  total  peptide  subunits 
are  covalently  associated  with  the  glycan.  Although  16%  of  the  total 
peptide  subunits  are  derived  from  peptide  cross— bridges  three  subunits  in 
length,  no  smaller  cross-bridges  which  account  for  15%  of  the  total  pep¬ 
tide  subunits  in  TCS-grown  cell  walls,  are  encountered  in  basal-grown 
cell  walls.  The  remaining  peptide  subunits  are  apparently  in  cross¬ 
bridges  of  17  monomeric  units  length.  This  final  result  likely 
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represents  an  average  situation  since  chemical  analysis  were  performed 
upon  high  molecular  weight  material  which  could  have  been  a  heterogen¬ 
eous  mixture  of  large  peptide  fragments.  No  attempt  was  made  to  study 
possible  heterogeneity  of  peptide  fragments  excluded  from  gel  filtration 
on  the  linked  Sephadex  G-50,  G-25  system  or  to  further  fractionate  them. 
Myxobacter  AL-1  Protease  digestion  of  such  materials  showed  that  they 
were  not  simply  long  peptide  polymers  of  peptide  subunits  assembled  in 
"head-to-tail”  fashion  since  all  of  the  material  was  not  released  as 
monomeric  peptide  subunits.  Therefore,  unidentified  bonds  that  are  not 
hydrolyzed  by  any  of  the  enzymes  used  in  this  investigation  must  be 
present  in  sufficient  quantity  to  maintain  complex  peptide  structures. 
These  findings  do,  however,  illustrate  that  the  mode  of  peptide  cross¬ 
bridging  is  greatly  altered  under  varying  conditions  of  growth. 

The  structure  of  the  subunit  peptide  of  M.  sodonensis  cell  walls 
and  the  "head-to-tail"  assembly  of  monomeric  peptide  subunits  to  facili¬ 
tate  cross-bridging  established  in  this  investigation  have  been  recently 
confirmed  in  another  laboratory  (Schleifer  and  Kandler ,  1970).  Peptide 
sequences  were  established  by  partial  acid  hydrolysis  of  purified  cell 
walls  followed  by  chromatographic  separation  and  identification  of  the 
resultant  peptides.  Use  of  this  technique  destroys  the  sample  thus  pre 
eluding  any  further  test  to  confirm  the  distribution  and  size  of  peptide 
cross-bridging  structures. 

Differences  in  the  peptidoglycan  of  TCS-  and  basal-grown  cell 
walls  were  not  restricted  to  variation  in  the  degree  of  peptide  substitu¬ 
tion  of  the  glycan  or  length  of  cross-bridging.  Studies  of  Myxobac^ 

f  whole  cell  walls  revealed  that  nearly  all  of  the 
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N^-amino  groups  of  lysine  are  free  in  TCS-grown  cell  walls  (95%)  while 
approximately  25%  of  these  groups  are  involved  in  unknown  linkage (s)  in 
basal— grown  cell  walls.  Whereas  the  sum  of  lysine  possessing  free 
N  —amino  groups  and  lysine  in  N^-(D-alanyl)-L-lysine  linkages  accounted 
for  all  of  the  lysine  in  the  TCS-grown  cell  walls,  it  accounted  for  only 
80%  of  the  total  lysine  of  basal-grown  cell  walls.  Since  approximately 
25%  of  the  glycine  carboxyl  groups  are  substituted  in  basal-grown  cell 
walls,  it  is  possible  that  an  N^-(a-glycyl)-L-lysine  linkage  might  occur. 
Myxobacter  AL-1  Protease  digestion  of  these  cell  walls  released  45  nmoles 
per  mg  C-terminal  glycine  and  28  nmoles  per  mg  of  the  N  -amino  groups  of 
lysine.  A  similar  but  lower  release  of  such  groups  was  also  observed  in 
TCS-grown  cell  walls.  Such  a  lysine-glycine  bond  is,  therefore,  possible 
but  another  unkno\m  linkage  involving  residual  glycine  carboxyl  groups 
must  also  exist.  It  is  possible  that  the  a-carboxyl  groups  of  glycine 
are  not  peptide  bonded  to  other  amino  acids  but  are  amidated  and,  there¬ 
fore,  not  detectable  by  the  hydrazinolysis  technique.  Amidation  of 
a-carboxyl  groups  of  DAP  occurs  in  some  strains  of  Corynebac ter ia ,  and 
the  a-carboxyl  group  of  glutamic  acid  is  kno^^  to  be  amidated  in  the 
cell  walls  of  S.  aureus  strain  Copenhagen,  M.  roseus  R27 ,  pyogenes , 
and  diphtheriae  (Ghuysen  ,  1968b)  . 

These  results  implied  that  the  Myxobacter  AL-1  Protease  activity 

ot  * 

is  not  restricted  to  cleavage  of  the  N-acetylmuramyl-N  —L— alanine  and 
the  D— alanyl-L-alanine  linkages  found  in  intact  peptidoglycans . 

Hydrolysis  of  linkages  other  than  those  described  has  been  observed  in 
S.  aureus  cell  walls  in  which  N-  and  C-terminal  glycine  is  released  in 


addition  to  N-  and  C-terminal  alanine  (Cole,  1965;  Jarvis 'and  Strominger, 
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1967).  Thus,  hydrolysis  of  an  N  - (a-glycyl) -L-lysine  linkage  by  this 
enzyme  is  a  possibility  which  cannot  be  excluded.  Furthermore,  although 
this  enzyme  possesses  a  broad  bacteriolytic  spectrum,  and  completely 
solubilizes  cell  walls  of  M.  sodonensis ,its  activity  on  the  D-alanyl- 
L-alanine  linkages  appears  to  be  greatly  enhanced  by  pre-solubilization 
of  walls  with  other  enzymes.  Although  there  have  been  no  reports  of  the 
effect  of  peptide  configuration  on  the  activities  of  this  enzyme,  it  may 
well  be  that  it  is  so  affected  in  this  system. 

When  M.  sodonensis  was  grown  on  different  media,  significant 
changes  occurred  in  the  cell  wall  peptidoglycan.  Such  changes  did  not 
simply  involve  substitution  of  one  peptide  amino  acid  for  another  as 
seen  in  _S.  f aecalis  and  aureus  cell  walls  (Smith  and  Henderson,  1964; 
Smith  and  Gilboe,  1965).  Rather,  variations  were  found  to  be  in  the 
degree  of  peptide  substitution  of  the  glycan  and  length  of  peptide  cross¬ 
bridges.  These  variations  were  undoubtedly  reflections  of  the  response 
of  certain  cell  wall  biosynthetic  enzymes  to  differing  environments. 

Large  regions  of  unsubstituted  glycan  could  result  from  removal  of  the 
peptide  from  disaccharide-peptide  units  in  the  intact  peptidoglycan. 
Although  the  reaction  sequence  for  the  biosynthesis  of  disaccharide- 
peptide  units  and  their  insertion  into  cell  walls  is  fairly  well  docu¬ 
mented,  little  is  known  of  the  control  mechanisms  responsible  for  its 
regulation. 

A  biosynthetic  mechanism  involving  successive  alternating  trans- 
peptidation  and  amidase  reactions  has  been  postulated  for  the  formation 
of  the  "head-to-tail"  assembly  of  peptide  units  in  the  peptidoglycans  of 
M.  lysodeikticus  and  related  Micrococcaceae  (Ghuysen,  1968;  Schleifer 
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and  Kandler,  1967).  The  sequence  of  events  proposed  is  as  follows: 
the  penultimate  D-alanine  residue  of  a  peptide  (B)  on  one  glycan  strand 
is  transferred  to  the  lysine  residue  of  another  peptide  (A)  on  an 
adjacent  glycan  strand  with  the  concomitant  loss  of  the  terminal 
D-alanine  residue.  Following  this  transpeptidation ,  the  N-acetylmuramic 
acid-L-alanine  linkage  of  peptide  B  is  cleaved.  A  subsequent  transpep¬ 
tidation  results  in  the  penultimate  D-alanine  residue  of  yet  another 
peptide  (C)  on  a  glycan  strand  adjacent  to  the  one  which  carried  peptide 
B  being  bound  to  the  N-terminal  L-alanine  residue  of  peptide  B  and 
simultaneous  expulsion  of  one  D-alanine  residue.  These  reactions  are 
repeated  in  sequence  until  a  cross-bridge  having  several  subunit  peptides 
is  formed.  Not  only  does  this  postulated  sequence  account  for  head-to- 
tail  assembly  of  subunit  peptides,  it  also  decreases  the  degree  of  pep¬ 
tide  substitution  of  the  glycan.  The  extent  to  which  such  a  system 
functions  must  be  under  the  control  of  a  delicate  set  of  checks  and 
balances  that  can  be  altered  under  different  environmental  (i.e.  growth) 
conditions.  In  addition  to  the  amidase,  two  different  transpeptidases 
whose  specifities  would  depend  upon  the  structure  of  the  amino  acceptor 
(i.e.,  the  N^-amino  groups  of  L-lysine  or  the  a-amino  groups  of  L-alanine) 
are  required  for  this  to  be  a  functional  scheme.  Proof  of  the  existence 
of  this  system  and  characterization  of  the  enzymes  involved  is  the  sub¬ 
ject  of  much  current  investigation.  Elucidation  of  their  nature  would 
do  much  to  explain  how  peptidoglycan  structure  is  regulated,  at  least  in 

the  Micrococcaceae . 

Non-peptidoglycan  components  of  M.  sodonensis  cell  walls  were 


similarly  found  to  vary  under  differing  growth  conditions.  Four 
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different  polysaccharides  were  isolated  from  the  two  wall  preparations. 
None  of  the  polysaccharides  isolated  were  covalently  bound  to  peptido- 
glycan  components  but  neither  could  they  be  released  without  prior 
enzymic  digestion  of  cell  walls.  They  must,  therefore,  be  interwoven 
into  the  peptidoglycan  matrix  in  such  a  fashion  as  to  be  designated  true 
cell  wall  components.  Polysaccharides  isolated  from  basal-grown  cell 
walls  were  fairly  homogeneous  with  respect  to  chain  length,  although 
the  polysaccharide  of  the  lysozyme-insoluble  portion  contained  glucuronic 
acid  in  addition  to  rhamnose  and  glucose.  The  polysaccharide  isolated 
from  the  lysozyme-soluble  portion  of  TCS-grown  cell  walls  was  an  octa- 
saccharide  composed  entirely  of  glucose.  In  contrast,  the  polysaccharide 
from  the  analogous  lysozyme-insoluble  portion  contained  glucose,  rhamnose, 
and  glucuronic  acid  and  was  approximately  83  monosaccharide  units  in 
length.  Isolation  of  these  moieties  was  perform.ed,  not  to  fully 
characterize  them,  but  rather  to  demonstrate  that  their  composition 
changed  under  altered  growth  conditions  and  that  they  were  not  covalently 
associated  with  peptidoglycan  components.  The  physiological  role  of  cell 
wall  polysaccharides  is  subject  to  speculation;  they  are  frequently 
implicated  as  antigens  but  the  possibility  exists  that  they  might  be 
metabolic  sinks. 

Results  of  immunological  studies  indicate  that  the  non-peptido- 
glycaxi  carbohydrate  components  of  M.  s od onens i s  cell  walls  are  involved 
with  cell  wall  antigenicity.  Cell  wall  protein  made  no  detectable 
contribution  to  any  immunological  reactions  performed.  However,  lysozyme 
digestion  of  cell  walls  was  found  to  have  a  profound  effect  on  such 
reactions.  There  was  no  significant  reaction  between  either  of  the 
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immune  globulin  fractions  of  rabbit  anti-cell  wall  sera  and  the  lysozyme- 
insoluble  portion  of  basal-grown  cell  walls.  On  the  basis  of  alanine: 
muramic  acid  ratios  (Table  XIII) ,  the  lysozyme-insoluble  portion  of 
basal-grown  cell  walls  is  known  to  be  enriched  in  peptidoglycan  com¬ 
ponents.  Furthermore,  the  organization  of  peptidoglycan  components  is 
much  more  complex  than  in  the  lysozyme-soluble  portion.  However,  the 
lysozyme-insoluble  portion  of  basal-grown  cell  walls  contains  only  one- 
fifth  of  the  total  cell  wall  glucose.  Previous  studies  established  that 
all  of  the  glucose  of  basal-grown  cell  walls  occurred  in  high  molecular 
weight  non-peptidoglycan  heteropolymers.  These  facts,  and  the  data 
presented  in  Table  XXI  suggest  that  cell  wall  antigenicity  resides  not 
in  the  peptidoglycan,  but  in  the  non-peptidoglycan  carbohydrate  compon¬ 
ents.  The  high  titres  observed  in  tube  precipitation  tests  using  the 
non-peptidoglycan  carbohydrate-enriched  lysozyme-soluble  portion  of  cell 
walls  support  this  premise. 

Lysozyme-susceptibility  of  the  two  cell  wall  preparations  was 
markedly  different.  Whereas  49%  of  the  TCS-grown  cell  wall  was  solubil¬ 
ized  with  the  concomitant  release  of  only  large  molecular  weight  peptido¬ 
glycan  fragments,  basal-grown  cell  walls,  when  treated  with  lysozyme, 
were  75%  solubilized.  Furthermore,  these  digests  contained  a  heterogen¬ 
eous  mixture  of  wall  fragments.  Several  factors  are  known  to  affect  the 
extent  to  which  cell  walls  are  solubilized  by  lysozyme:  the  complexity 
of  the  peptidoglycan  net,  esterification  of  bacterial  cell  walls,  and 

various  stereochemical  effects. 

The  tightness  of  the  peptidoglycan  matrix  depends  upon  the 
f-j-gqjjQQcy  with  which  glycan  strands  are  substituted  by  peptide  subunits. 
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and  upon  the  frequency  with  which  these  peptide  subunits  are  interlinked. 
Lysozyme-treatment  of  a  cell  wall  possessing  an  extensively  cross-linked 
peptidoglycan  net  need  not  necessarily  produce  solubilization  of  the 
wall;  although  many  glycosidic  linkages  may  have  been  hydrolyzed,  the 
high  degree  of  cross-linking  serves  to  keep  the  matrix  intact.  Such  is 
the  situation  in  the  cell  walls  of  aureus  (Ghuysen,  Strominger,  and 
Tipper,  1968).  In  organisms  possessing  a  "loose"  peptidoglycan,  such  as 
M.  lysodeikticus  (Leyh-Bouille  al. ,  1966) ,  lysozyme  digestion 
produces  rapid  and  complete  clarification  of  cell  wall  suspensions. 

0-acetylation  of  bacterial  cell  walls  has  been  implicated  as  a 
mechanism  of  lysozyme  resistance  (Brumfitt  and  Wardlaw,  1958) .  Walls  of 
M.  lysodeikticus  cells  grown  on  solid  media  containing  microgram  amounts 
of  lysozyme  were  found  to  be  0-acetylated .  Removal  of  0-acetyl  groups 
restored  lysozyme-sensitivity  indicating  that  this  organism’s  ability  to 
acetylate  certain  cell  wall  hydroxyl  groups  was  associated  with  its 
diminished  response  to  this  N-acetylhexosaminidase  activity.  Similar 
removal  of  the  0-acetyl  groups  of  aureus  cell  walls,  which  involve 
about  half  of  the  N-acetylmuramic  acid  residues,  did  not  confer  lysozyme 
susceptibility  (Ghuysen  and  Strominger,  1963a,  1963b).  This  may  appear 
paradoxical  unless  one  considers  that  aureus  possesses  a  highly  cross- 
linked  or  "tight"  peptidoglycan  matrix  in  which  every  glycosidic  linkage 
^Quld  have  to  be  cleaved  to  produce  solubilization.  Responses  elicited 
to  lysozyme  are,  therefore,  varied  and  depend  upon  several  factors. 

The  varied  response  of  M.  sodonensis  cell  walls  to  lysozyme 
involves  peptidoglycan  complexity  and  the  presence  of  cell  wall  0— acetyl 
Lysozyme— insolub le  portions  of  both  TCS—  and  basal  grown  cell 
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walls  are  more  highly  peptide  substituted  and  have  shorter  cross-bridges 
than  their  respective  lysozyme-soluble  portions.  Moreover,  as  seen  from 
the  ester :muramic  acid  ratios,  these  portions  are  enriched  in  ester  con¬ 
tent.  Soluble  portions  were  markedly  less  complex  with  respect  to  their 
peptidoglycan  structure,  particularly  the  lysozyme-soluble  portion  of 
basal-grown  cell  walls  and  contained  fewer  0-acetyl  groups.  Overall, 
the  TCS-grov/n  cell  walls  had  a  more  complex  peptidoglycan  structure  and 
higher  levels  of  esterification;  it  was,  therefore,  not  surprising  to 
find  a  greater  portion  of  this  cell  wall  was  not  solubilized  by  lysozyme. 

Electron  microscopic  examination  of  various  j.ysozyme  digested 
cell  wall  preparations  revealed  that  bacterial  shape  was  retained  even 
though  75%  of  the  wall  had  been  solubilized.  This  finding  excluded  the 
possibility  that  the  lysozyme-sensitive  and  -resistant  peptidoglycan 
polymers  are  covalently  integrated  to  form  the  structural  material  of 
the  cell  wall.  Were  this  so,  lysozyme-mediated  solubilization  of  the 
susceptible  material  would  have  abolished  structural  integrity.  Moreover, 
the  fact  that  the  cell  wall  thickness  is  unaltered  by  lysozyme  digestion 
precludes  the  theory  that  the  lysozyme-sensitive  and  -resistant  portions 
exist  as  separate  lamellar  structures  in  the  intact  cell  wall.  While 
wall  thickness  was  unaltered  by  lysozyme  digestion,  the  cell  wall  matrix 
was  perceptibly  more  diffuse  than  that  observed  in  electron  photomicro¬ 
graphs  of  whole  cell  wall  preparations.  These  observations  suggest  that 
the  native  cell  wall  is  composed  of  at  least  two  interwoven  peptidoglycan 
nets,  one  of  which  is  resistant  to  lysozyme  because  of  extensive  peptide 
cross— b ridging  and  increased  levels  of  0-acetylation. 

Deacetylation  of  cell  walls  established  unequivocally  that 
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0-acetylation  was  involved  with  the  lysozyme  susceptibility  of  the  cell 
wall  preparations.  The  alkali  labile  0-acetyl  bond  is  hydrolyzed  by 
incubation  of  the  cell  walls  in  0.01  N  NaOH.  Treatment  of  cell  walls 
with  0.05  N  NaOH  at  37°C  results  in  the  release  of  a  lactylpeptide 
(Tipper,  1968).  However,  since  the  soluble  portion  of  deacetylation 
mixtures  investigated  in  this  study  contained  no  amino  acids,  it  was 
assumed  that  base-catalyzed  lacty 1-elimination  from  N-acetylmuramic  acid 
had  not  occurred. 

Deacetylated  cell  walls  and  the  lysozyme-insoluble  portions 
thereof  were  examined  for  their  response  to  lysozyme.  Such  studies 
showed  that  in  whole  cell  walls,  deacetylation  permitted  lysozyme 
hydrolysis  of  an  additional  65  glycosidic  linkages  per  mg  cell  wall. 
Deacetylation  of  the  lysozyme-insoluble  portion  of  cell  walls  made  them 
sensitive  to  lysozyme,  although  complete  solubilization  of  such  mixtures 
did  not  occur.  Again,  the  greater  levels  of  0-acetylation  found  in  TCS- 
grown  cell  walls  probably  reflects  the  response  of  cell  wall  biosynthetic 
enzymes  to  different  environments. 

The  mechanism,  of  lysozyme  activity  has  been  widely  investigated 
and  its  dependence  upon  stereochemical  factors  noted  (Raferty  and 
Dahlquist,  1969).  Binding  studies  with  various  compounds  have  shown  that 
substrate  molecules  must  undergo  certain  structural  modifications  before 
enzymic  hydrolysis  is  initiated.  Presence  of  substituent  groups,  such 
as  the  0— acetyl  group,  disallows  these  modifications  and  therefore,  pre¬ 
vents  hydrolytic  activity.  In  addition,  the  inability  of  the  lysozyme 
molecule  to  approach  the  sensitive  61:4  linkage  may  account  for  reduced 
activity.  It  is  probably  the  outer  layers  of  lipid  or  lipoprotein  of 
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Gram-negative  cell  walls  that  confers  upon  them  lysozyme  resistance. 
Although  the  polysaccharides  of  M.  sodonensis  cell  walls  are  not  covalent¬ 
ly  bound  to  the  peptidoglycan,  it  is  possible  that  they  confer  some  degree 
of  lysozyme-resistance  by  physically  blocking  lysozyme-sensitive  linkages. 
It  is  difficult  to  establish  this  experimentally  because  these  moieties 
cannot  be  removed  without  partially  or  completely  solubilizing  the  cell 
walls.  Another  type  of  interaction  which  likely  involves  physical 
blocking  of  lysozyme-sensitive  linkages  has  been  encountered  in  these 
cell  walls.  Pre-treatment  of  deacetylated  cell  walls  with  the  Myxobacter 
AL-1  Protease  allowed  more  glycosidic  bonds  to  be  hydrolyzed  by  lysozyme. 
Since  0-acetyl  groups  had  been  removed,  steric  hindrance  to  lysozyme 
should  have  been  minimal.  Therefore,  peptide  substitution  or  the  con¬ 
figuration  of  peptide  bridges  also  plays  a  decisive  role  in  lysozyme 
susceptibility  of  the  cell  walls  of  this  organism. 

Several  enzymes  are  known  to  be  intimately  associated  with  cell 
walls  (Young,  1966;  Tipper,  1968a;  Nisonson  £t  al . ,  1969).  With  the 
exception  of  the  5 ’ -nucleotidase  of  coli  which  is  cell  wall— bound 
(Nisonson  £t  £l. ,  1969),  all  the  wall-associated  enzymes  described  to 
date  are  autolytic  in  nature.  Their  function  is  supposedly  to  loosen 
the  peptidoglycan  matrix  sufficiently  to  facilitate  insertion  of  new 
cell  wall  material.  While  the  presence  of  nuclease  in  M.  sodonensis 
cell  walls  is  not  a  unique  phenomenon,  the  existence  of  a  cell  wall- 
associated  enzyme  which  is  not  involved  in  wall  biosynthesis  or  degradation 
3ugg0gCs  that  the  wall  may  have  unsuspected  metabolic  functions.  The 


designation  of  the  extracellular  nuclease  of  M.  sodonensis  as  a  cell  wall 
component  is  justified  on  several  points.  Previous  data  established  that 
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nuclease  activity  persists  in  cell  walls  during  all  but  the  last  stage 
of  purification  (Berry  e;t  £l.  ,  1970).  A  histochemical  technique 
employing  deposition  of  lead  indicated  that  this  activity  was  associated 
only  with  the  cell  walls  and  not  the  periplasmic  space  or  cell  membrane. 
Third,  trypsin-  or  alkali-mediated  release  of  protein  from  pre-trypsin 
cell  walls  was  demonstrable.  Undoubtedly,  all  or  a  portion  of  protein 
so  removed  represented  nuclease  or  nuclease  precursor  .  This  investigation 
offers  further  evidence  that  the  role  of  cell  walls  is  not  solely  limited 
to  the  maintenance  of  structural  integrity.  Presence  of  the  flavin-like 
substance,  which  could  function  as  an  electron  acceptor  or  donor  implies 
that  the  cell  wall  is  the  seat  of  considerable  metabolic  activity. 

Immunological  studies  showed  that  there  is  a  definite  relation¬ 
ship  between  purified  cell  walls  and  the  extracellular  nuclease. 
Previously,  Berry  documented  a  serological  cross-reaction  between  purified 
nuclease  and  whole  rabbit  anti-cell  wall  serum  (Berry,  1969).  This 
reaction  had  no  appreciable  effect  on  enzyme  activity  and  led  to  the 
conclusion  that  serological  cross-reaction  must  be  with  the  carbohydrate 
moiety  of  the  glycoprotein.  A  cross-reaction  between  the  immune  globulin 
fraction  of  rabbit  anti-nuclease  serum  and  pre-trypsin  and  pure  cell 
walls  was  observed  in  this  investigation.  Such  behavior  substantiates 
the  hypothesis  that  antigenicity  resides  in  the  carbohydrate  moiety  since 
reactions  occurred  in  both  pre-  and  post-trypsin  cell  walls.  Presumably, 
all  protein  which  could  have  participated  in  such  a  reaction  was  removed 
by  trypsin  digestion. 

The  study  of  the  composition  and  structure  of  M.  sodonensi£  cell 
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been  learned  from  this  investigation,  the  work  is  by  no  means  complete. 
Elucidation  of  the  involvement  of  wall  in  nuclease  formation  and  release, 
identification  of  still  unknown  peptidoglycan  bonds,  and  the  means  by 
which  altered  cell  wall  structures  are  produced  under  changes  in  growth 
conditions  are  only  some  of  the  more  challenging  aspects  of  the  problem 
and  merit  further  investigation. 
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